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MICROPHOTOMETRIC DETERMINATION OF THE RATE OF 
ENZYMATIC PROTEOLYSIS 


By PAUL C. ZAMECNIK,* GEORGE I. LAVIN, anp MAX BERGMANNT 


(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


eived for publication, January 24, 1945 


In previous communications from this laboratory (1, 2) intracellular 


proteolytic enzymes have been characterized by comparing the rate of their 
action upon a number of synthetic substrates of known structure. Extracts 
of animal organs such as spleen and kidney have been found to contain a 
considerable number of proteolytic enzymes and, in addition, substances 
which act as activators or as inhibitors for some of the enzymes. The phys- 
iological function of the enzymes present in an organ, and their interaction 
with activators and inhibitors, must largely depend upon the distribution 
of the various enzymes, activators, and inhibitors within the various histo- 
logical regions of the organ. It is desirable, therefore, to develop methods 
permitting the determination of proteolytic enzymes in rather small tissue 
fragments. The method described in the present communication is an 
attempt in this direction. 

The well known principles of photometric titration (3, 4) have been ap- 
plied to the task of measuring, on a micro scale, the enzymatic cleavage of a 
synthetic substrate. By substituting an objective determination of the 
end-point for the visual one in the Linderstr@m-Lang (5) acetone titration, 
it was hoped that the precision and reproducibility might be increased. 


Methods 


In the microphotometric titration naphthyl red was used as an indicator. 
The absorption spectrum of naphthyl red suggested that a filter transmit- 
ting in the region of 5400 to 5500 A would be a suitable one for the titration. 
As can be seen in Fig. 1, the Wratten Filter 77 fulfils this requirement. 
The curves were obtained with the aid of a Bausch and Lomb spectro- 
photometer. 

A micro titration cell has been arranged in which the light, after passing 
through the cell, strikes a single barrier copper-copper oxide photronic cell. 
The current developed in the photronic cell is measured by a sensitive 
galvanometer. Titration of an amino acid or peptide is carried out with 


* Finney-Howell Research Foundation Fellow, 1941-42. Present address, Massa- 
chusetts General Hospital, Boston, Massachusetts. 
t Died, November 7, 1944. 
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538 MICROPHOTOMETRY OF PROTEOLYSIS 
alcoholic hydrochloric acid, in a 90 per cent acetone medium containing us 
naphthyl red as an indicator. At the point where the hydrogen ion concen- oh 
tration is sufficient to cause the indicator to change from the yellow to the 
red range (pH 5 to 3.7 in aqueous solution), the amount of light transmitted 
through the cell decreases abruptly, and this decrease is registered quanti- 
tatively by the galvanometer. 
The instrumental assembly is illustrated in Figs. 2 and 3. A 110 volt 
alternating current passes through a voltage stabilizer, the output of which 
is stepped up by means of a transformer to the voltage required for the 
operation of amercury vaporlamp. The light emanating from the mercury 
vapor lamp passes through the filter, then through a narrow slit, 1.5 K 2.5 
ee ¥ a ¢ Gaeee 
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Fic. 1. Relation of absorption spectrum of Wratten Filter 77 to absorption spectra 
of naphthyl red in acid and alkaline ranges. 
mm. in size, in the micro cuvette holder. This slit is so arranged that the 
light coming through it travels parallel to one side of the micro cell, while 
the electromagnetic stirrer operates close to the other side of the cell. In 
this way the stirrer does not interrupt the path of light during the titration. 

The cuvette holder itself is made from a solid bakelite block,? with holes F 
drilled so as to permit the insertion of the micro cell and the passage of the tron 
light beam to the photronic cell. The core of the electromagnet is arranged ' 
so as to touch one side of the micro cell. The multiple mirror galvanometer ies 

1 A Pfaltz and Bauer fluorophotometer model A was used. Lan 

? The authors are indebted to Mr. Joseph Bloom of the Rockefeller Institute for with 


the construction of the cuvette holder. 
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used has a sensitivity of 2 X 10-* ampere per mm. and a resistance of 640 





























ohms. 
“ 
Qa Ps 
_SH 
p 
f 
Fic. 2. Instrumental assembly. a, voltage stabilizer; 6, multiple mirror galvan- 


ometer; c, micro switch circuit breaker; d, mercury are lamp; e, filter; f, micro bu- 
rette; g, cuvette housing; h, photronic cell; 7, transformer; 7, connection to voltage 
stabilizer; k, base with rack and pinion; /, variable shunt resistance box. 


Housing for cuvette holder— -——Electromagnetic stirrer 
Cuvette halder, 4x12cm-—- | --Micro cell, 8mm. outside diameter 











P 
ot light beam 
cel! i : 
; 
aa — 
Spring clip to press i ——Electromaqnet 
cuvette into place | with protruding core 
= eeee =e = 
= 
Fic. 3. Detailed diagram of micro cuvette in holder, showing relationship of elec- 


tromagnetic stirrer to light beam. 


The micro burette is of a mercury screw design with a fineness about 
twice that of the micro burette previously described by Linderstrgm- 
Lang and Holter (6). The burette is mounted on a firm base equipped 
with a rack and pinion, so that the tip may be inserted into the titrating 
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solution or elevated out of the way. A micro switch current interrupter 
provides the means for operating the stirrer at the rate of 100 to 120 times 
a minute, found desirable for maintenance of adequate stirring. The 
stirrers themselves may be made by sealing 1 to 2 mm. lengths of No. 24 
annealed steel wire in thin walled capillary tubing. Provided its total 
length is under 3 mm., the stirrer does not interrupt the light beam tra- 
versing the cell. 

The micro cells are made from square 6 X 6 mm. ungraduated hemo- 
meter tubing, 30 mm. tall. They are used both for reaction vessels and 
titrating vessels. In a single series of titrations, only cells whose light 
transmission was the same within 1 per cent were used. 


Results 


Determination of End-Poini—As a test of the precision of the method, the 
following experiment was carried out: 5.60 c.mm. samples of a 0.10 m 
solution of leucylglycine were pipetted into a series of six vessels by means 
of a Levy (7) semiautomatic pipette. 300 c.mm. of acetone containing 
0.02 per cent naphthy! red were added to each vessel just prior to titration 
against 0.0507 n hydrochloric acid in 90 per cent ethanol. The vessel 
was set in place and stirring begun, the tip of the burette dipped 1 to 2 
mm. below the surface of the titrating medium, the galvanometer set at 
100 per cent transmission of the incident light, and the titration started. 
At the point where the galvanometer registered 70 per cent transmission, 
the rate of decrease in light transmission per c.mm. of hydrochloric acid 
was maximal, and this point was chosen as the end-point for the titration. 

A single titration required approximately 5 minutes. The theoreti- 
cal titration value was 11.05 c.mm. of hydrochloric acid and the ac- 
tual arithmetic mean titration value was 11.05 c.mm. The series of 
readings was as follows: 10.97, 11.10, 11.01, 11.15, 10.97, and 11.13 c.mm. 
of hydrochloric acid. The greatest deviation from the mean was 0.9 per 
cent and the standard deviation was 0.08 c.mm. When the titration 
figures are of this order of magnitude, the titration error is therefore likely 
to be less than 1 per cent. The pipetting error is also included in these 
calculations. 

As a further test of the sensitivity of the method, samples of 5.65 c.mm. 
of a 0.005 m leucylglycine solution were pipetted into a series of vessels, 
which, after the addition of acetone and indicator, were then titrated, 
0.011 n aleoholic hydrochloric acid being used. The consecutive readings 
were 2.60, 2.63, 2.59, 2.64, 2.62, and 2.57 c.mm. of hydrochloric acid. The 
arithmetic mean of the titration values was 2.61. The calculated titration 
value was 2.57. The greatest deviation from the arithmetic mean was 
1.5 per cent and the standard deviation was 0.03. By this method, then, 
2.8 X 10-* mole of leucylglycine can be titrated with considerable accuracy. 
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As a test of the method in actual practice, the 





Enzymatic Experiments 
following enzymatic experiment was performed: 5.65 c.mm. of solution 
containing 0.10 m benzoyl-l-argininamide and 0.02 m secondary sodium 
citrate buffer were pipetted into a reaction vessel followed by 5.65 e.mm. 
of solution of purified papain containing 0.066 mg. of protein nitrogen per 
ec. and 0.02 m cysteine. The mixture was stirred electromagnetically, and 
the open vessel was incubated at 40° in a nitrogen chamber. The pH of 
the reaction was 5.0. Control vessels were set up in the same manner as 
the incubated ones, but titration was performed immediately. The 
results of the enzymatic experiment are given in Table I. 

The nitrogen chamber mentioned above consists of a 250 ce. drying 
tower, equipped with a rack which holds the micro vessels in place, with 
their bases immersed in 0.09 m sodium chloride. Nitrogen is bubbled 
through a wash bottle filled with 0.09 m sodium chloride, then into the 


TaBLeE I 
Hydrolysis of Benzoylargininamide by Cysteine-Papain 














Time Amount of HC] required* Extent of hydrolysis K X 10% 
I —-— _— - — | = $$ | 
min. c.mm. per cent } 
60 3.28 29 | 2.49 
80 4.15 37 2.49 
95 1.86 43 2.57 
120 5.79 51 | 2.60 
165 7.12 63 2.62 











* Incubated sample minus control. 


{K = : log _- 

t a—z 

nitrogen chamber. Both bottles are immersed in a constant temperature 

water bath. The micro vessels are thus incubated in an atmosphere of 

nitrogen, and evaporation from the vessels is avoided during the incubating 
time. 

Influence of Turbidity—In conducting a photometric titration, the prob- 
lem of dealing with turbidities in the titrating medium is an important one. 
It was found that the 90 per cent or 95 per cent acetone medium used 
precipitated the enzyme protein, giving rise to turbidity in the titration 
medium. Since this turbidity was constant throughout the titration, 
however, it did not affect the rate of change of the indicator color. The 
galvanometer showed a smooth downward deflection at the end-point, 
free from undesirable small fluctuations. If, however, the protein con- 
centration, and consequently the protein precipitate, was 10 times that 
used in our experiments, then undesirable fluctuations in the galvanometer 
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were observed when this precipitate was stirred during the course of 
titration. 

A more serious difficulty is introduced by crystallization of the substrate 
or the buffer out of the titration medium. As Linderstrém-Lang (5) 
points out, this error usually may be avoided if the greater part of the 
hydrochloric acid required to reach the end-point is added to the test 
solution prior to the acetone. 

There is another advantage to adding, prior to titration, most of the 
acid necessary to reach the end-point. Addition of hydrochloric acid to 
the titration medium results in a gradual decrease in the concentration of 
indicator and of turbidity, with a consequent decrease in the optical den- 
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Fic. 4. Effect of concentration of aqueous medium on sharpness of end-point. 
Fie. 5. Effect of indicator concentration on light transmission at end-point. 


sity. This source of potential error was further minimized by using 4 
concentration of hydrochloric acid such that the volume of the titration 
medium was increased only to a small degree during the titration (indi- 
cated by a slight upward deflection of the galvanometer before the end- 
point was reached). The control titration cancels out the larger part of 
this error. The indicator, in the appropriate concentration, might con- 
ceivably be included in the hydrochloric acid being titrated in, in order 
to reduce this error still further. 

Factors Influencing Indicator Color Change—Micro titration with 
photronic cell makes it convenient to study in detail the rate and extent of 


change of the indicator color at its end-point. In general, the greater the 
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concentration of the acetone and the less the concentration of water in the 
titration medium, the sharper does the end-point become. It is therefore 
of advantage to employ the highest concentration of acetone which can be 
used without causing the substrate or buffer to crystallize out. Fig. 4 
shows that as the aqueous concentration of the titration medium is de- 
creased below 10 per cent the end-point becomes more abrupt, making 
possible more accurate titration. The composition of the test solution, 
11.15 ¢.mm., was as follows: 0.05 m carbobenzoxyglycyl-l-phenylalanine, 
0.02 m secondary sodium citrate buffer, 0.01 m cysteine, swine kidney 
cathepsin, and 0.22 mg. of protein nitrogen per cc. of test solution. 

The greater the concentration of the indicator in the titration medium, 
the greater is the decrease in the absolute amount of transmitted light 
caused by the color change of the indicator (cf. Fig. 5). It is therefore 
desirable to use a high concentration of indicator in the titration medium. 

If the split-products of an enzymatic reaction are better buffers than the 
original substrate in the pH range of color change of the indicator, the 
indicator will then change color less sharply when the incubated samples 
are titrated than it does when the control samples are titrated. The slopes 
of the end-point curves will differ in the two cases, and an error will be 
introduced if'a certain shade of color or per cent of light transmitted is chosen 
as an end-point. The magnitude of this error will depend on the degree 
to which the slopes of the curves in question differ. 

An illustration of this buffering effect of the split-products is provided 
by the action of carboxypeptidase upon the hydrolysis of carbobenzoxy- 
glycyl-l-phenylalanine on acidimetric titration in an acetone medium, with 
naphthyl red as an indicator. In these circumstances, the phenylalanine 
split off is a better buffer than the carbobenzoxyglycyl-l-phenylalanine. 
Fig. 6 shows the effect on the end-point of altering the concentrations of 
these two compounds in a known manner in a 10 per cent aqueous medium. 
As the concentration of carbobenzoxyglycyl-l-phenylalanine is decreased 
and the concentration of phenylalanine is increased (as would occur in the 
enzymatic hydrolysis of carbobenzoxyglycyl-l-phenylalanine), the slopes 
of the titration end-point curves become flatter. 11.15 c.mm. of substrate 
mixture, containing 0.03 m phosphate buffer at pH 7.44, were used in all 
cases. There were 330 c.mm. of titration medium, containing 0.1 per cent 
naphthyl red, and consisting of 90 per cent acetone and 10 per cent aque- 
ous phases. 

As the concentration of water in the titration medium is decreased below 
10 per cent, and the concentration of acetone is correspondingly increased, 
the ionization of substrate and split-products may be depressed sufficiently, 
in the case of carbobenzoxyglycyl-l-phenylalanine and phenylalanine, to 
make the error introduced by the buffering effect of the split-products a 
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negligible one. Fig. 7 shows the titration curves obtained in an enzymatic 
experiment in which carbobenzoxyglycyl-l-phenylalanine was split by 
swine kidney cathepsin, and the titration of samples carried out in a 4 per 
cent aqueous medium. The slope of all the curves here is essentially the 


Per cent light transmitted 








C.mm. 0.05N HCl 


Fie. 6. Effect on slope of titration curve of increasing the concentration of one 
of the split-products. The abscissa indicates only the amount of hydrochloric acid 
added after the indicator color change. ° 
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Fic. 7. Titration end-point curves in an enzymatic experiment 
same, and the reaction velocity constants calculated from the data are 
remarkably close. 11.15 c.mm. samples of test solution were pipetted into 
individual vessels, which were incubated at 40° in nitrogen for varying 
times before being removed and titrated in a 96 per cent acetone, 4 per cent 
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aqueous medium containing 0.1 per cent naphthyl red. The test solution 
was composed of carbobenzoxyglycyl-l-phenylalanine 0.05 m, secondary 
sodium citrate buffer 0.02 mM, cysteine 0.01 m, and swine kidney cathepsin 
0.22 mg. of protein nitrogen per cc. of test solution. The pH of the reaction 
was 5.2 in all cases. 

SUMMARY 


A micro titration method for the measurement of enzymatic proteolysis 
is described in which a photometric determination of the end-point is sub- 
stituted for a visual one. The photometric titration may be adapted with- 
out difficulty to the semimicro scale of the usual determinations of 
enzymatic cleavages of peptides, which hitherto have been performed by 
visual end-point determinations. 

The objective photometric titration has revealed a possible source of 
error which may interfere with the titration when one of the split-products 
of the enzymatic cleavage buffers the system against pH changes more 
effectively than does the original peptide. 
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ON THE HYPOGLYCEMIC ACTION OF ALLOXAN 
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From the Department of Mitra Research in Diabetes, School of Tropical Medicine, 
Calcuita, India 


Received for publication, January 24, 1945) 


Jacobs (1) observed that an intravenous injection of alloxan in rabbits 
produced a fall in the blood sugar level leading to hypoglycemic convul- 
sions. ‘This was confirmed by Dunn and McLetchie (2), Bailey and Bailey 
(3), Hughes et al. (4), Brunschwig ei al. (5), Goldner and Gomori (6), and 
Kennedy and Lukens (7). If the animals were given intravenous injec- 
tions of glucose so as to counteract the effect of hypoglycemia, they sur- 
vived and developed hyperglycemia and glycosuria. The cause of this 
transient hypoglycemia has been differently explained. Dunn and McLet- 
chie (2) think that hypoglycemia is due to the stimulating action of alloxan 
on the islands of Langerhans, whereby an increased quantity of insulin is 
released into the circulation. The cells of the islands of Langerhans be- 
come necrosed, being exhausted from overwork, leading to the symptoms of 
diabetes mellitus. Hughes eZ al. (4), on the other hand, consider that this 
fall in the blood sugar level is due to the liberation of preformed insulin 
from the necrosed cells of the islands of Langerhans and that there is no 
overproduction of insulin. They came to this conclusion because they 
observed that the hypoglycemic action of alloxan could be simulated by the 
injection, in the form of protamine zinc insulin, of that amount of extract- 
able insulin which is known to be present in the pancreas of a normal rabbit. 
However, they admit that this evidence is not conclusive. Ridout e¢ al. (8 
studied the insulin content of the pancreas of dogs killed at different times 
after the injection of alloxan. They did not notice any significant chang: 
in the insulin content of the pancreas up to 8 hours after the injection, by 
which time the hypoglycemia becomes most marked in dogs and rabbits 
(7,8). They therefore consider that the hypoglycemia is not due to over- 
production of insulin. This observation, however, may not be contrary to 
the overproduction theory, because it might be argued that insulin as soon 
as formed by overstimulation is released into the circulation and conse- 
quently there is no increase in the insulin content of the pancreas. Ridout 
et al. (8) also reported that alloxan could not produce hypoglycemia in 
depancreatized dogs and in dogs made diabetic by previous injection of 
alloxan. This observation was also confirmed by Kennedy and Lukens 


* Present address, Department of Biochemistry, Cornell University Medical 
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(7) in rabbits. These investigators think that this is also evidence against 
the overproduction theory. This argument does not seem to be valid, 
owing to the fact that if there is no normal islet tissue I it, by previous 
injection of alloxan or by the removal of the pancreas, alloxan cannot 
produce this action. 

In order to elucidate the mechanism of alloxan hypoglycemia, I partially 
pancreatectomized rabbits and studied the blood sugar curve after in- 
jection of alloxan. The amount of pancreatic tissue left after operation 
was just sufficient to maintain the normal fasting blood sugar level. The 
idea was that if the action of alloxan is that of stimulation, so that the islet 


























A | 
280 
"; 228 
fe 
vu 
5 
2 200 
§ 75 y, 
:* “of, 
- 
& 160 4 / 
oe “ / 
3S 126 | / 
"; 7 ‘ 
* / / 
00 v/ d / 
aQ / 
s ; Se ‘, 7, / 
= 78 a ‘ Me 
—— ~ 
> “s 
. vx 0 a. 
60 Yea “xo 
26 F 
= i l | | | ! i ] 
x 60 > 120 180 | xO 330 1770 


80 210 240 
Tim@ IN MINUTES APTBR INJECTION OF ALLOXAN 


Fie. 1. Blood sugar curves of rabbits injected with alloxan. The solid curves 
represent results with animals partially pancreatectomized; the dash curves, animals 
with the pancreas intact. 


cells are necrosed due to overactivity, the remnant of the pancreas in the 
partially pancreatectomized rabbits would release enough insulin to cause 
hypoglycemic convulsions in these animals. On the other hand, if alloxan 
only releases the preformed insulin by its necrosing action on the islets, the 
blood sugar will be lowered to a lesser extent because the amount of insulin 
released from the pancreatic remnant will be much less. The experimental 
results obtained are presented in this paper. 


EXPERIMENTAL 


Nine healthy male Himalayan rabbits of weights varying between 800 
and 1450 gm. were used. All the animals were fasted overnight. Six were 
anesthetized with ether and about a half of the pancreas was removed by & 
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median longitudinal abdominal incision. 3 hours after the operation 
three of the partially pancreatectomized rabbits and three others with in- 
tact pancreas were given a single intravenous injection of a 10 per cent 
solution of alloxan (200 mg. per kilo). Samples of blood were drawn at 
intervals from the ear vein. Blood sugar was estimated according to the 
method of Hagedorn and Jensen (9). The blood sugar curves are shown 
in Fig. 1. 

Three partially pancreatectomized rabbits not injected with alloxan were 
placed in separate metabolism cages and their urine was collected under 
toluene. The fasting blood sugar level was estimated next morning and 
the urine was examined for the presence of sugar with Benedict’s reagent. 
The blood sugar values were 100, 110, and 116 mg. per 100 cc.; the urine 
showed a trace of sugar. 


Results 


In three of the rabbits with intact pancreas, the blood sugar fell rapidly, 
after a transient rise, following the injection of alloxan and all the animals 
died of hypoglycemic convulsions. The three partially pancreatectomized 
rabbits similarly treated not only did not develop marked hypoglycemia 
but also survived and showed hyperglycemia and glycosuria on the follow- 
ing day (Fig. 1). The three partially pancreatectomized rabbits not 
injected with alloxan excreted only traces of sugar, while the fasting blood 
sugar values were normal. 

DISCUSSION 


Alloxan could not produce hypoglycemic convulsions in the partially 
pancreatectomized rabbits. The amount of pancreatic tissue left in these 
rabbits was just sufficient to maintain the normal fasting blood sugar level. 
If the injection of alloxan produced stimulation df the pancreatic remnant 
to such an extent as to cause death of the islet cells as a result of overwork, 
sufficient insulin should have been liberated to produce marked hypoglyce- 
mia. This, however, was not observed in our experiments. The slight hy- 
poglycemia observed in the alloxan-treated, partially pancreatectomized rab- 
bits appears to be due to the release of a smaller amount of preformed insulin 
from the necrosed islets of the pancreatic remnant into the circulation. 
Thus the hypoglycemic action of insulin seems not to be due to the over- 
production of insulin. It is, however, to be noted that the hypoglycemic 
action of alloxan is not a constant phenomenon in rhesus monkeys (10). 


SUMMARY 


|. Hypoglycemic convulsions were not observed when alloxan (200 mg. 
per kilo) was injected intravenously into three partially pancreatectomized 
abhi 
rabbits. 
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2. All the three animals survived and developed hyperglycemia and 
glycosuria on the following day. 

3. Three normal rabbits with the pancreas intact died of hypoglycemic 
convulsions within varying periods after the intravenous injection of 
alloxan. 

4. The cause of the alloxan hypoglycemia is suggested to be due to the 
release of preformed insulin from the necrosed islets and not to stimulation 
of the islet tissue. 
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Several compounds have been synthesized which are rather closely re- 
lated in structure to pantothenic acid (1-9). The physiological properties 
of such compounds differ greatly. SSome possess growth-promoting action 
similar to that of pantothenic acid itself; others are physiologically inert; 
and others inhibit growth. Of the former group, “hydroxypantothenic 
acid” (N-(a-hydroxy-8 ,8-dimethylolbutyryl)-8-alanine (1-3)) and N-(a- 
hydroxy-8-methy1-8-methylolvaleryl)-8-alanine (3) are most active, and 
possess growth-promoting activity from 2 to 25 per cent that of pantothenic 
acid, both for animals and for lactic acid bacteria. The most active mem- 
ber of the latter group so far known is pantoyltaurine’ (4-6), the sulfonic 
acid analogue of pantothenic acid. 

Recently, Pfaltz (10) reported that a ,y-dihydroxy-N-(3-hydroxypropyl)- 
8,8-dimethylbutyramide (N-pantoyl-3-propanolamine, pantothenyl alco- 
hol) was as effective as pantothenic acid in preventing achromotrichia in 
rats. Presumably, this activity resulted from oxidation of the compound 
to pantothenic acid in vivo, but it appeared desirable to check activity of 
this compound against a number of other organisms. Yeast and various 
bacteria were used for this purpose. The product could not replace panto- 
thenic acid for any of the microorganisms tested; in some cases it inhibited 
the growth ordinarily induced by pantothenic acid. This inhibition was 
competitive in nature; 7.e., it became apparent only when the ratio of panto- 
thenyl alcohol to pantothenic acid exceeded a certain value, and was 
independent of the absolute amount of inhibitor added over a wide range of 
concentrations. A number of other compounds closely related to panto- 
thenyl alcohol exhibited similar inhibitory properties, but to a lesser degree. 
Details of these findings are presented below. 

‘Throughout this paper, the simplified nomenclature adopted by Barnett and 
Robinson (5) will be used. In this system the name ‘‘pantoy!”’ is used for the a, y- 


dihydroxy-8,8-dimethylbutyry] radical 


CH; 


CH:OH—C—CHOHCO— 
CH; 
51 


A 
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EXPERIMENTAL 


Pantothenyl Alcohol (N-Pantoyl-3-propanolamine )}—3-Propanolamine wag 
prepared by the hydrogenation of 8-hydroxypropionitrile (11) in dioxane 
solution in the presence of Raney’s nickel catalyst under a pressure of 2000 
pounds persq.in. Addition of 0.698 gm. of the propanolamine to 1.20 gm. 
of freshly distilled dl-a,y-dihydroxy-8,8-dimethylbutyrolactone resulted 
in a solution which evolved heat and increased in viscosity on standing to 
such an extent that it was necessary to heat the solution at 110° for 2 hours 
with occasional agitation in order to complete the reaction. The yield of 
pantothenyl alcohol, determined by amino nitrogen analyses before and 
after hydrolysis with hydrochloric acid, was 80 per cent of the theoretical. 

Preparations utilizing optically active lactones were accomplished in 
the same manner; thus, 0.75 gm. of propanolamine and 1.31 gm. of (+)-a,7- 
dihydroxy-8 ,8-dimethylbutyrolactone gave a 79 per cent yield of the alco- 
hol, while 0.74 gm. of the propanolamine and 1.30 gm. of the (—)-lactone 
yielded 83 per cent of the theoretical. 

A sample of the di-pantotheny! alcohol was heated at 110° under high 
vacuum for 2 hours in order to remove unchanged intermediates. The 
purity of this sample was 88 per cent, as determined above.” 

dl-N-Pantoylethanolamine*—Reaction of 0.594 gm. of freshly distilled 
ethanolamine and 1.259 gm. of dl-a,y-dihydroxy-8 ,8-dimethylbutyrolac- 
tone was carried out in the manner described for pantothenyl alcohol. 
The yield determined similarly amounted to 81 per cent of the theoretical. 
After being heated for 2 hours at 110° in high vacuum, the product had a 
purity of 88 per cent. 

dl-N-Pantoyl-n-propylamine—Upon addition of 0.72 gm. of n-propyl- 
amine to 1.31 gm. of dl-a,y-dihydroxy-8,8-dimethylbutyrolactone, the 
mixture became warm. It was heated with occasional stirring for 2 hours 
at 110°. The yield was better than 90 per cent of the theoretical, based 
upon the lactone. The reaction mixture was heated for 2 hours under 
reduced pressure to remove unchanged propylamine. The viscous product 
showed little tendency to crystallize, but a small sample crystallized from 
petroleum ether-benzene after standing overnight at a low temperature. 
The remaining product was then crystallized from ether after first being 
seeded with a small amount of the crystalline material. Recrystallization 
from ether gave colorless octahedral prisms, m.p. 45-47°. 


Analysis—C,H,9O;N. Calculated, N, 7.40; found, N, 7.42 





? By the procedures given, these compounds are obtained as viscous syrups which 
are very difficult to purify. Since preparation of these compounds has been de- 
scribed previously (10), and since the impurities present (chiefly unchanged lactone 
and amine) do not affect the physiological results, no extended effort was made to 
isolate the pure compounds. The dried condensation mixtures, containing about 9 
per cent of the compound in question, were used in the experiments with micro- 
organisms. 
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di-N-Pantoylallylamine—By the same process described for the N- 
propylamide, the allylamide was prepared from 0.76 gm. of allylamine and 
1.30 gm. of the di-lactone. The conversion based on the lactone was 95 
per cent of the theoretical. In order to obtain a crystalline product, it 
was necessary to distill molecularly a small sample under a pressure of 
10-* mm. at a temperature of 80-100°. The distillate solidified on standing 
overnight and a few crystals of this product added to the original crude 
product and to the residue from distillation induced crystallization. Re- 
crystallization from ether gave colorless prisms, m.p. 42-44”. 


Analysis—C,H,;O;N. Calculated, N, 7.48; found, N, 7.46 


dl-N-Pantoylethylamine—By heating a several fold excess of freshly 
distilled anhydrous ethylamine with 1.30 gm. of the dl-lactone in a sealed 
tube at 100° for 2 hours, the lactone was almost totally converted to the 
amide. After the excess ethylamine was removed by heating to 100° 
under reduced pressure, the product crystallized. On recrystallization 
from ether containing a few drops of ethanol, the compound separated 
slowly as colorless prisms, m.p. 64-66°. 


Analysis—C3H,70;N. Calculated, N, 7.99; found, N, 8.18 


dl-N-Pantoylglycine (Sodium Salt)—The sodium salt of glycine was 
prepared by addition of glycine to sodium in liquid ammonia (12). Two 
methods used in the preparation of sodium pantothenate (13, 14) were 
employed in the synthesis of the sodium salt of N-pantoylglycine. Fusion 
of 1.34 gm. of the dl-lactone with 1.0 gm. of the sodium salt of glycine at a 
temperature of 120° for 3 hours gave a product of about 80 per cent purity. 
By refluxing for 3 hours a solution of 1.31 gm. of the dl-lactone and 0.98 
gm. of the sodium salt of glycine in 7 cc. of isopropyl] alcohol and then cool- 
ing, an equivalent yield of relatively pure product was obtained. On 
slow recrystallization from absolute ethanol, the compound formed hygro- 
scopic colorless prisms which lost their crystalline character rather sharply 
at 94-96° and formed a glass which decreased in viscosity as the tempera- 
ture was raised. This behavior is analogous to that of sodium panto- 
thenate (14). 


Analysis—Na(CsH,,O;N). Calculated, N, 6.17; found, N, 6.36 


Testing Methods—Tests with yeast were performed as described by Snell 
etal. (15) for biotin assay. The medium was modified by addition of excess 
biotin (0.25 y per 5 cc.) and omission of §-alanine. With lactic acid bac- 
teria, a previously described procedure was used (16). The medium (16) 
was modified by omission of pantothenic acid and addition of, 1 mg. of 
asparagine, 10 y of pyridoxine hydrochloride, and 1 y of p-aminobenzoic 
acid per 10 cc. For Escherichia coli and Staphylococcus aureus, sodium 
acetate was omitted from this medium and the level of phosphates in- 
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creased 3-fold. Culture tubes were inoculated with washed cells from 
actively growing cultures (16 to 24 hours old) of the test organism grown 
in the basal medium, supplemented when necessary with pantothenic acid. 
Time and temperature of incubation are given with Tables I to IV. 
Results—In a preliminary survey of various microorganisms, Leuconostoc 
mesenteroides P-60 proved to be suitably sensitive to the new antimetabo- 
lite, and was used to obtain most of the data. From Table I it is evident 
that pantothenyl alcohol has no growth-promoting action for this organ- 


TABLE I 
Growth Inhibition by Pantothenyl Alcohol* and Its Reversal by Pantothenic Acid 


Test organism, Leuconostoc mesenteroides P-60; incubated 22 hours at 30°. 


Calcium Pantotheny! Galvanometer Calcium Pantotheny! Galvanometer 
pantothenate alcohol readingt | pantothenate | alcoho! readingt 
y per 10 cc y per 10 ce. 7 per 10 ce. y ber 10 cc. 

0.0 0.0 7.6 1.0 30 68 
0.1 0.0 55 1.0 100 38 
0.3 0.0 67 1.0 300 15 
1.0 0.0 72 1.0 1,000 7 

1000 0.0 74 0.0 10,000 7 

0.1 3 55 30 10,000 13 
0.1 10 32 100 10,000 40 
0.1 30 15 300 10,000 70 
0.3 10 67 ' 1000 10,000 75 
0.3 30 40 0.1 1,000t 59 
0.3 100 15 0.1 10,000T 63f 
* The condensation product prepared from the (—)-lactone was used in these 


experiments. 

7 A measure of culture turbidity, distilled water reads zero, an opaque object 100. 

t Not pantothenyl] alcohol, but the indicated amounts of both (—)-pantolactone 
and 3-propanolamine were added to each of these tubes. Condensation of the two 
to yield pantothenyl alcohol was effectively prevented by neutralizing the amine 
with hydrochloric acid before its addition. The slight stimulation of growth pro- 
duced by this mixture at suboptimal levels of pantothenic acid is due to the panto- 
lactone, which shows slight availability for growth at these high concentrations 


(ef. (4)). 


ism, but rather inhibits growth. The level required to inhibit growth 
increases as the amount of calcium pantothenate is increased. Even large 
amounts (more than 10 mg. per tube or 0.1 per cent) are non-toxic if sufli- 
cient pantothenic acid is present. The ratio of pantothenyl alcohol to 
calcium pantothenate at which inhibition is almost complete (the anti- 
bacterial index (17)) is about 300, and is constant over a wide range of 
concentrations. Mixtures of the (—)-lactone and 3-propanolamine have 
no such inhibitory effect. 
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In Table II, the inhibitory action of pantotheny! alcohol derived from 

|  eondensation of 3-propanolamine with (—)-, (+)-, and dl-pantolactone is 
compared. The condensation product from the (—)-lactone is about twice 

as effective as that from the di-lactone, and about 10 times as effective as 
that from the (+-)-lactone. Thus growth inhibition by the condensation 
products shows the same configurational specificity as does growth promo- 

| tion by pantothenic acid. ‘The low activity of the product formed from the 
+)-lactone may result from formation of some (— )-lactone by racemiza- 


tion in the alkaline reaction mixture. 


TaBLe II 
Comparative Activities of Pantothenyl Alcohol Derived from ( , (+-)-, and di-Lactones 
Test organism, Leuconostoc mesenteroides; incubated 21 hours at 30° ly of 


calcium pantothenate was present in each culture tube (10 cc.). 


Galvanometer reading* 
Pantotheny] alcohol from 


Ww ) 4 
Lactone (+-)-Lactone !-Lactone 
0 ° 74 74 74 
0 72 74 73 
100 19 73 68 
300 9.0 72 30 
1000 13 t.0 
3000 8.0 
Antibacterial indext 300 ca 3000 ca. >300 


< 1000 


* Asin Table I; ‘“‘blank’’ reading without added pantothenic acid, 6.0. 
t The antibacterial index (17) is the ratio of the concentration of inhibitor (C;) 
to that of the essential metabolite (pantothenic acid, Cy), at which complete inhibi- 


tion of the test organism results. 


The comparative potencies as growth inhibitors of products related in 
structure to pantotheny] alcohol are shown in Table III. The lower homo- 
logue of pantothenyl alcohol, N-pantoylethanolamine, has about one- 
fourth the activity of pantothenyl alcohol itself. In view of this fact, it is 
interesting that its oxidation product, N-pantoylglycine, which is struc- 
turally more similar to pantothenic acid, shows no inhibitory action. 
Inhibitory action of this nature evidently is not solely dependent upon 

| structural similarity to the metabolite. This is further emphasized by the 
inhibitory properties of pantoylpropylamine, pantoylallylamine, and 
pantoylethylamine. 

The comparative susceptibility of various organisms to growth inhibition 
by pantothenyl aleohol is shown in Table IV. Susceptibility among 
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organisms which require pantothenic acid varies greatly, from those which 
































4 are very sensitive such as Leuconostoc mesenteroides and Streptococcus | 
i lactis, to those which are extremely resistant such as Lactobacillus fer. tar 
+ mentum, Streptococcus faecalis R, and Saccharomyces cerevisiae. None of inl 
i) the organisms tested which did not require added pantothenic acid for pa 
} growth was inhibited by pantothenyl alcohol. The susceptibility of the | Be 
ik same organisms to pantoyltaurine under the same conditions of growth was 
| Tas_e III | Cor 
i Growth Inhibition by Compounds Related to Pantothenyl Alcohol* 
| Test organism, Leuconostoc mesenteroides; incubated 20 hours at 30°. 4 
Amount of product added Galvanometer readingt 
=e dl-Panto- | di-N-Pan-| dl-N-Pan- | dl-N-Pan-| ,, y; L oven 
| iohbtr | yg Saonne | Hem | txt Wayt-pe|teplit MeS Renin) pee |e 
. mg. per 10 cc. ¥ per 10 ce. | 
i 0.0 0.0 0 | 1 | 0 | 10 10 10 
ip 0.0 1.0 66 66 | 66 66 66 66 Str 
; i) 0.20 1.0 418 71 | 72 72 , 65 
fi 0.50 1.0 ll | 61 72 65 72 65 Sac 
1.0 1.0 9.0} 38 | 60 58 69 65 Sie 
2.0 1.0 | 90) 2@ | 2 | 82 66 ee 
5.0 1.0 | 9.0] 9.0 12 67 sc 
1 1.0 | | | 9.0 | 69 
20 1.0 | | | | 72 | gg*. 
10 300 «=| «(71 67 | 6 | 6 | 65 7 | os 
Antibacterial indext | 500 | 2000 | 5000 | 5000 | 10,000 | >350,000§ | the 
* The products tested were derived from the dl-lactone in all cases. None of pr 
them promoted growth in the absence of pantothenic acid. If it is assumed that ; 
only the condensation product derived from the (—)-lactone has inhibitory action pm 
(cf. Table II), products prepared from the (—)-lactone would be inhibitory at one- i 
half the concentrations used above. 0.1: 
t As in Table I. 
t As in Table II. of g 
§ Separate experiments in which less pantothenic acid was present showed the boty 
antibacterial index of this product to be >500,000. 

. - . : syn 
also determined. For the most sensitive organisms, the two antimetabo- pe 
lites have similar potencies as inhibitors; however, marked differences exist mr 
in the sensitivity of a given organism toward the two compounds. Thus yer 
Leuconostoc mesenteroides, which is extremely resistant to inhibition by dee 
pantoyltaurine, is the most sensitive organism to pantothenyl alcohol this 
which was found. On the other hand, Lactobacillus arabinosus is much abil 
more sensitive to pantoyltaurine than it is to pantotheny! alcohol. 
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DISCUSSION 


Growth inhibition produced by both pantotheny! alcohol and pantoyl- 
taurine (4) is specifically counteracted by pantothenic acid; whether or not 
inhibition of growth results is dependent upon the ratio of inhibitor to 
pantothenic acid. The relationship is competitive over a wide range. 
Both products appear to be completely non-toxic for organisms which 


TaBLe IV 
Comparative Susce ptibility of Various Organisms to Inhibition by Pantothenyl Alcohol 
and Pantoyltaurine 


Antibacterial index 








Organism* pe a ee reerees ae erat. eerdiibaeal 
Pantotheny! alcoho!t Pantoyltaurinet 
Leuconostoc mesenteroides P-60 300 > 200, 000t 
Lactobacillus acidophilus UT 5,000 5,000 
arabinosus 17-5 5,000 1,000 
casei. . 10,000 10,000 
“ fermentum 100,000 > 200, 000t 
Streptococcus faecalis R 50,000 30,000 
lactis 125 1,000 
Saccharomyces cerevisiae FB >30,000 10,000 
Staphylococcus aureus Not inhibited§ Not inhibited§ 
Escherichia coli “ eo “§ se co 63 





* L. mesenteroides, L. arabinosus, S. faecalis, and S. cerevisiae were incubated at 
30°; all other cultures at 37°. Incubation time was 21 hours in all cases. All of the 
organisms require pantothenic acid for growth except S. aureus and E.coli. Panto- 
thenyl alcohol (or pantoyltaurine) did not replace pantothenic acid for any of these 
organisms. In all cases in which inhibition was produced, this was prevented by 
additional pantothenic acid. 

t The products tested were prepared from (—)-pantolactone in each case and 
contained about 90 per cent of the condensation products. See reference (4). 

t 20 mg. of pantoyltaurine produced no diminution in growth in the presence of 
0.1y of pantothenic acid. Higher levels were not tested. 

§ These organisms were grown in a pantothenic acid-free medium; no inhibition 
of growth was produced by 30 mg. of pantotheny! alcohol or pantoyltaurine per 10 
ce. of medium. 


synthesize pantothenic acid. Because of these similarities, it might be 
assumed that their modes of action were similar. That the similarity is 
not complete is indicated by the data which show that organisms which are 
resistant to inhibition by pantoyltaurine may be sensitive to pantotheny] 
alcohol, and vice versa. No experimental data are available which explain 
this difference in action. It may result solely from differences in perme- 
ability of various microbial cells to the two substances. On the other hand, 
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the two compounds may interfere specifically with different reactions for 
which pantothenic acid is essential. In any case, the new antimetabolite 
might prove useful in investigating the mode of action of pantothenic acid. 

Investigation has shown (18) that rats can be protected from as high ag 
100,000 lethal doses of injected hemolytic streptococci by pantoyltaurine, 
If, as has been stated by Pfaltz (10), rats can utilize pantotheny] alcohol 
as effectively as pantothenic acid, it seems unlikely that the former would 
have useful antibacterial action in vivo, since the host animal would produce 
from the antimetabolite the very metabolite which prevents its action, 
Much depends upon the site at which the various actions take place, how- 
ever, and chemotherapeutic trial of the new substance should be interesting. 
In view of the general failure of the microorganisms tested to utilize the 
alcohol in place of the acid, this ability might not be generally distributed 
among animals. Furthe.. oxidation of some of the compounds which show 
inhibitory action (e.g., N-pantoylethanolamine, etc.) to pantothenic acid 
is not possible. 

Exchange of the carboxyl group of various metabolites for a sulfonic acid 
or sulfonamide group results, in many instances, in compounds which show 
inhibitory properties. From results cited above, it seems likely that a 
similar exchange of the carboxyl group of various essential metabolites for 
a hydroxymethyl group might result in a new class of inhibitory 
compounds. 

Recently, Barnett (7) has synthesized N-pantoyl-8-aminoethylthiol and 
the corresponding disulfide. These compounds show inhibitory properties 
similar to those of pantoyltaurine. Although these compounds were 
synthesized because of their structural relationship to pantoyltaurine, they 
are just as closely related to compounds considered above. Thus N- 
pantoylaminoethylthiol is the thio- analogue of N-pantoylethanolamine. 
Test of the thio- analogue of pantothenyl alcohol should thus prove of 


interest. 


Micro-Dumas and Van Slyke analyses were carried out by Gwyn White 


Shive. 
SUMMARY 
The preparation of pantothenyl alcohol, N-pantoylethanolamine, N- 
pantoylglycine, N-pantoyl-n-propylamine, N-pantoylallylamine, and N- 
pantoylethylamine is described. The latter four are new compounds and 
were obtained as crystalline solids. These compounds inhibit growth of 
some microorganisms which require pantothenic acid for growth. The 


* Unpublished data show, for example, that p-aminobenzy!] alcohol inhibits growth 
of some microorganisms; this inhibition is prevented by p-aminobenzoic acid. 
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inhibition produced is competitive in nature; progressively larger amounts 
of compound are required to inhibit growth as the amount of pantothenic 
acid present is increased. ‘The sensitivity of the various microorganisms 
to the new antimetabolites varies widely. Of those tested, Leuconostoc 
mesenteroides was most sensitive. For this organism, the compounds 
vary as follows in their inhibitory powers: pantotheny] alcohol > pantoyl- 


ethanolamine > pantoylallylamine 2 pantoylpropylamine > pantoyl- 


ethylamine > pantoylglycine. 

The susceptibility of various microorganisms to growth inhibition by 
pantothenyl alcohol and pantoyltaurine was compared. An organism 
may be very sensitive to one and very resistant to the other, although the 
mode of action of the two compounds appears very similar in other respects. 
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EFFECT OF THE INGESTION OF EXCESSIVE QUANTITIES OF 
CHOLINE ON THE AMOUNT IN TISSUES AND URINE* 
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m the Nutrition Laboratory, Department of Animal Husbandry, and the Texas 
Agricultural Experiment Station, Agricultural and Mechanical 
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It is well known that a deficiency of choline in the animal leads to the pro- 
duction of kidney lesions and to the accumulation of neutral fat in the liver. 
Patterson and McHenry (1) have reported that choline deficiency in young 
rats results in a decrease in the phospholipid content of the kidney. The 
same authors (2) later found that a deficiency of choline in young rats re- 
sulted in a 29 per cent decrease in the choline content of the kidneys and a 
35 per cent decrease in the choline content of the liver. However, the 
amount of choline per 100 mg. of phospholipid was not appreciably changed, 
indicating that the amount of phospholipid formed is dependent on the 
amount of choline available. 

Jacobi and coworkers (3, 4) on the other hand found no decrease in the 
choline content of the whole rat carcass after more than 8 weeks on a diet 
low in choline. It has been suggested that their results may be explained 
by the fact that the choline synthesis observed was due to the presence of 
other compounds in the diet capable of supplying methyl groups. 

Fishman and Artom (5) have found that when weanling rats were placed 
on either a low or high fat diet the concentration of choline-containing liver 
lipids was markedly lower than that of rats on a stock diet. The addition 
of choline to the diets resulted in a pronounced increase in the levels of 
choline-containing liver lipids. 

Since Luecke and Pearson (6, 7) have found that there are measurable 
amounts of free choline in plasma, liver, and kidney, it seemed desirable to 
study the effect of the ingestion of large amounts of choline on the free and 
total choline content of these tissues and the amount excreted in the urine. 
The total and free choline was determined by the microbiological procedure 


(0, 4 


* The authors are indebted to Merck and Company, Inc., for the choline chloride 
and to the International Minerals and Chemical Corporation for the betaine hydro- 
chloride used in these investigations. 

t Present address, Michigan Agricultural Experiment Station, Michigan State 
College, East Lansing, Michigan 
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EXPERIMENTAL 

Sheep and dogs were used as the experimental animals, as relatively large 
amounts of blood are required for the determination of free choline. In the 
first series sheep weighing approximately 33 kilos were placed in metabolism 
cages and the 48 hour excretion of choline in the urine determined. Follow- 
ing this, 10 or 20 gm. of choline chloride in aqueous solution were adminis- 
tered by mouth. The urine was again collected for 48 hours and the amount 
of choline excreted determined. Samples of blood were drawn before the 
feeding of choline and at intervals of 1, 3, 5, 8, 24, and 48 hours thereafter. 
Both free choline and total choline were determined on the plasma. The 
animals were killed 48 hours after ingestion of the choline. The liver and 
kidney ‘vere analyzed for both free and total choline. 

Three sheep were given 10 gm. of choline chloride and four were given 20 
gm. Approximately 1 per cent of the choline ingested was excreted in the 
urine during the 48 hour period. The choline content of the feces was de- 
termined before and after feeding choline to a single animal. Only 1 per 
cent of the ingested choline could be accounted for in the feces. The total 
and free choline values of the plasma were virtually the same at the various 
intervals after feeding as they were before the ingestion of choline. 

After the ingestion of choline the average value for the free choline 
content of the liver was 0.17 mg. per gm. and 0.28 mg. per gm. for kidney. 
These figures do not differ significantly from the average for five normal 
sheep of 0.20 mg. per gm. for liver and 0.29 mg. per gm. for kidney. The 
average values for the total choline of the sheep fed choline were 6.30 mg. 
per gm. for liver and 4.98 mg. per gm. for kidney. The corresponding 
values for liver and kidney from normal sheep were 6.25 and 5.00 mg. per 
gm. respectively. From these data it is evident that the ingestion of a mas- 
sive dose of choline does not significantly increase either the total or free 
choline content of the liver or kidney. 

Since only a small amount of a single dose of choline could be accounted 
for, we decided to feed 40 gm. daily for a period of 6 days. The choline and 
total nitrogen excreted in the urine and the free and total choline in the 
plasma were determined. 

Table I shows the results of feeding 40 gm. of choline chloride daily to 
two sheep over a 6 day period. The maximum quantity of choline recov- 
ered in the urine in any 24 hour period amounted to only 2.5 per cent of the 
quantity ingested. It is also clear that the feeding of large amounts of 
choline has no effect on the free or total choline content of plasma. Analy- 
sis of the liver and kidney revealed no increase in either the total or free 
choline when compared with the values for normal animals. 

Choline chloride contains approximately 10 per cent nitrogen; hence the 
ingestion of 40 gm. of choline chloride would increase the nitrogen intake 
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byabout4gm. The urinary excretion of nitrogen increased over that of the 
basal period by 4 gm. per 24 hour period during the time choline was in- 
gested, and in some instances the increase was even greater than could be 
accounted for on the basis of choline nitrogen fed. From this it is apparent 
that the animal stores no extra choline when excessive amounts are ingested. 
Since virtually all of the choline nitrogen is excreted in the urine and not 
more than 2.5 per cent as choline, it is evident that the animal rapidly 
metabolizes choline. 

Effect of Feeding Large Amounts of Choline to Dogs—Two dogs, each 
weighing 7 kilos, were placed in metabolism cages and quantitative collec- 


TABLE I 


Bffect of Choline Feeding on Free and Total Choline Content of Plasma and Daily 
Urinary Excretion of Choline in Sheep 


40 gm. of choline chloride fed daily. 


Choline in plasma 


Sheep No. | Days fed choline | Choline in urine epee pinntinnnpeltial 
Free Total 
meg. per 24 hrs. y per ml. + per ml. 

] Initial 2 15.7 121 
] 306 

2 352 | 14.2 132 
3 409 

4 476 13.1 119 
5 425 

6 400 15.0 127 

2 Initial 2 11.1 14] 
] 784 

2 570 11.2 140 
3 1056 

$ 783 11.5 142 
5 650 


6 600 10.8 139 


tions of urine made for the 3 day period before supplementing the diet with 
choline, and for the 5 day period during which choline was fed. The 
amount of choline fed per day was 5gm._ It was incorporated in the ration 
with no effect on palatability, provided that some ground meat was in- 
cluded. The free and total choline values on plasma were determined on 
two samples, one drawn before supplementing the ration with choline, the 
other at the end of the 5th day of choline feeding. The results (Table II) 
show that the feeding of 5 gm. of choline chloride per day did not increase 
the concentration of either free or total choline in the plasma. 

The urinary excretion of choline in response to the feeding of 5 gm. daily 
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of choline chloride is also shown in Table II. It is evident that the amount 
of choline recovered in the urine of the dog is even smaller than had been the 
ease with sheep. The highest recovery of choline on any single day ap- 
proaches 0.5 per cent. However, the percentage recovery in both species 
is so small that any difference between them is without significance, 
Comparison of Chemical and Microbiological Methods for Determination of 
Choline in Urine—The most widely used chemical method for the determi- 
nation of choline is the reineckate procedure. Ammonium reineckate is by 
no means a specific precipitant for choline (8). Thus, if the ingested choline 
were being excreted in any of the various nitrogenous forms which form a 
reineckate, the chemical method would give higher values than the micro- 


Taste II 
Effect of Choline Feeding on Free and Total Choline Content of Plasma and Daily 
Urinary Excretion of Choline in the Dog 


5 gm. of choline chloride fed daily. 





Choline in plasma 


Dog No. Days fed choline Choline in urine (_ a 
Free Total 
e mg. per 24 hrs. y per mil. y per ml 
l Initial 1.5 11.2 151 
l 20.2 
2 19.5 
3 12.2 
4 25.2 
5 30.0 11.0 150 
2 Initial 4.0 9.5 120 
l 22.0 
2 65.2 
3 61.6 
4 §2.7 
5 50.2 10.1 124 


biological, since the latter is unaffected by these compounds. The reineck- 
ate procedure as described by Engel (9) was used for this purpose, the 
ammonium reineckate being added directly to 50 ml. of the undiluted urine. 
The resulting values, however, were in very close agreement with those 
obtained by the microbiological procedure, indicating that the extra 
nitrogen in the urine as a result of choline feeding was probably not in the 
form of a quaternary ammonium base, a tertiary, secondary, or primary 
amine. 

Effect of Ingestion of Betaine—The work of Stetten (10) and others indi- 
cates that the methyl groups of betaine can be utilized for the synthesis of 
choline. The feeding of betaine might conceivably be accompanied by a0 





7) 


sl 


th 
ti 


ge 
ch 


lir 


ro 





R. W. LUECKE AND P. B. PEARSON 365 


increase in the excretion of choline in the urine. Accordingly one sheep was 
fed 20 gm. of betaine hydrochloride for 2 successive days and the amount oi 
choline in the urine determined by both the chemical and microbiological 
methods. Values obtained by the two methods agreed very well. The feed- 
ing of betaine hydrochloride was not followed by any increase in choline 
excretion, nor was any betaine excreted, as evidenced by the fact that the 
reineckate method which measures betaine showed no increase over that of 
the microbiological method which is unaffected by betaine. Thus, neither 
betaine nor choline was excreted as a result of betaine feeding. 


DISCUSSION 


It is difficult to explain the failure of liver, kidney, and blood to show any 
increase in either free or total choline when large doses of choline are fed. 
Undoubtedly some regulatory mechanism is present which very rapidly 
converts ingested choline to another metabolite. In this connection it is 
interesting to note that Jacobi and Baumann (4) suggested that their failure 
to find a decrease in the choline content of fatty livers as compared to the 
normal liver may be due to an inhibition of the choline oxidase as a result 
of the increased fat content. The work of Handler and Bernheim (11) 
showed that the activity of choline oxidase was depressed in the fatty liver. 
Thus, it may be that a reverse mechanism is being set up in the present case, 
and that the feeding of large quantities of choline stimulates the activity of 
this enzyme, thereby preventing any increase in the choline content of the 


tissues or blood. 


SUMMARY 


The ingestion of 40 gm. of choline chloride daily for a period of 6 days did 
not increase either the free or total choline content of the liver, kidney, o1 
plasma. The choline recovered in the urine on any single day during cho- 
line feeding ranged from 0.7 to 2.5 per cent of the choline ingested by sheep. 
The amount excreted in the urine of dogs ingesting 5 gm. daily was approxi- 
mately 0.5 per cent of the amount ingested. 

The ingestion of choline is accompanied by an increase in urinary nitro- 
gen. The increment in urinary nitrogen is virtually equivalent to the 
choline nitrogen ingested. 

Betaine hydrochloride administered per os is not excreted in urine as cho- 
line or betaine. 


BIBLIOGRAPHY 
1. Patterson, J. M., and McHenry, E. W., J. Biol. Chem., 145, 207 (1942). 


4 


2. Patterson, J. M., and McHenry, E. W., J. Biol. Chem., 156, 265 (1944) 








566 INGESTION OF EXCESSIVE CHOLINE 


ue Ww 


. Jacobi, H. P., Baumann, C. A., and Meek, W. J., J. Biol. Chem., 138, 571 (1941), 
. Jacobi, H. P., and Baumann, C. A., J. Biol. Chem., 142, 65 (1942). 


Fishman, W. H., and Artom, C., /. Biol. Chem., 154, 109 (1944). 


}. Luecke, R. W., and Pearson, P. B., J. Biol. Chem., 153, 259 (1944). 
. Luecke, R. W., and Pearson, P. B., J. Biol. Chem., 155, 507 (1944 
. Best, C. H., and Lucas, C. C., in Harris, R. S., and Thimann, K. V., Vitaming 


and hormones, New York, 1, 1 (1943). 


9. Engel, R. W., J. Biol. Chem., 144, 701 (1942). 
. Stetten, D., Jr., J. Biol. Chem., 138, 437 (1941); 140, 143 (1941 
. Handler, P., and Bernheim, F., /. Biol. Chem., 144, 401 (1942 











THE INHIBITION OF CARBONIC ANHYDRASE BY THIO- 
PHENE-2-SULFONAMIDE AND SULFANILAMIDE 


By HORACE W. DAVENPORT 
(From the Department of Physiology, Harvard Medical School, Boston) 


Received for publication, November 25, 1944) 


Since the discovery by Mann and Keilin (1) that sulfonamides having 
a free sulfonamide group inhibit carbonic anhydrase, it has been assumed 
that the inhibition of the enzyme accounts for the disturbances in acid- 
base balance following sulfanilamide administration. Also sulfanilamide 
has been used to test hypotheses concerning the réle of carbonic anhydrase 
in several organs with positive results in the kidney (2) and negative results 
in the gastric mucosa (3, 4) and the pancreas (5). Since carbonic anhydrase 
is present in tissues in concentrations far in excess of those required (6), 
it is doubtful whether sulfanilamide in the concentrations used is capable 
of providing effective inhibition. The following data establish the facts 
that sulfanilamide cannot be expected to inhibit carbonic anhydrase 
sufficiently to interfere with processes of which the enzyme is a part and 
that another sulfonamide (7), thiophene-2-sulfonamide,! might be expected 
to do so. 

Inhibition of Carbonic Anhydrase Solutions—Carbonic anhydrase was 
determined by the method of Meldrum and Roughton (8) in which a mix- 
ture of 2 ml. of 0.2 m phosphate buffer, pH 6.9, and 2 ml. of 0.2 m NaHCO; 
is violently shaken, the rate of carbon dioxide evolution being followed 
manometrically. The enzyme unit is the amount of enzyme which pro- 
| duces a rate of evolution twice that of the uncatalyzed reaction during 
the third eighth of the reaction. All observations were made at 0° unless 
otherwise stated. 

Carbonic anhydrase and its sulfonamide inhibitors enter into the reaction 
E+I= EI. The reaction is reversible, and equilibrium is reached 
almost instantaneously. The mass action expression for the reaction is 


(UU - ED 


_—" a) 


The terms (Z) and (ZI) can be measured in terms of enzyme activity. 
The term (J—£I) is equal to (J), for (I) is 10-* m or more, while (ZI) 
is 10- m or less. Therefore the constant is independent of the enzyme 
unit. 


*I am deeply indebted to the American Cyanamid Company and to Dr. R. O. 
Roblin, Jr., for a generous supply of thiophene-2-sulfonamide. 
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The validity of equation (1) was proved by measuring the inhibition 
of carbonic anhydrase from laked washed red blood cells. The results 
are presented in Fig. 1. The curves drawn are those having a form derived 
from equation (1) and giving the best fit for the data. The value of K for | 
Lniophene-2-sulfonamide at 0° is 1.6 X 10-". It is the same at 10°, and the | 
observed value can probably be safely used to calculate the inhibition at 
38° with little error. 

The value of K for sulfanilamide at 0° is 1.0 X 10-*. A few observations 
at 10° gave a value of 1.8 X 10-*. Extrapolation by means of the Arrhenius 
equation gave a value of 7.4 X 10-* at 38°. Therefore sulfanilamide might | 
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Fic. 1. Ordinates, fractional activity of carbonic anhydrase in the presence of 

inhibitors; abscissae, log inhibitor concentration in moles per liter. Left-hand | 

eurve, solid circles, thiophene-2-sulfonamide at 0°; open circles, at 10°. Right-hand | 
irve, solid circles, sulfanilamide at 0 | 


be expected to be about 40 times less effective than thiophene-2-sulfonamide 
in inhibiting the enzyme in the body. 

Che values are independent of the purity or source of the enzyme, for | 
identical values were obtained on very highly purified enzyme kindly | 
supplied by Dr. D. A. Scott and Dr. F. J. W. Roughton and on enzyme 
from the kidney and gastric mucosa. 

Equation (1) holds at very high enzyme concentrations. A reaction mix- 
ture was made containing 3675 units of enzyme and 0.00199 m thiophene-2- 
sulfonamide. The expected activity was 0.30 unit, and the activity found | 
was 0.78 unit. Similar experiments with sulfanilamide confirmed the 
prediction that the drug would be 6 times less effective than thiophene 
2-sulfonamide at 0°. 

A 4-fold variation in substrate concentration has no effect on the inbt- 
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bition. ‘Two series of experiments were performed in which the reaction 
mixture was composed of 2 ml. of the phosphate buffer and 2 ml. of either 
0.1mor0.4mM NaHCQ,;. The results are presented in Fig.2. 

Inhibition of Carbon Dioxide Uptake by Blood—A comparison of the 
effectiveness of thiophene-2-sulfonamide and sulfanilamide in inhibiting 
carbonic anhydrase in cells was obtained by studying the rate of carbon 
dioxide uptake by blood. A reaction mixture was prepared by mixing 
3 ml. of dog blood and 1 ml. of 0.9 per cent NaCl containing the desired 
amount of inhibitor. The mixture was violently shaken at 0° for 15 minutes 
while a steady current of air was blown through the reaction vessel. At the 
end of this treatment the blood was in equilibrium with air. Shaking and 
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Fic. 2. Ordinates, fractional activity of carbonic anhydrase in the presence of 
thiophene-2-sulfonamide at 0°; abscissae, log inhibitor concentration in moles per 
liter. Open circles, 2 ml. of 0.4m NaHCO; in the reaction mixture; solid circles, 2 ml 
of 0.1 m NaHCO, in the reaction mixture. The curve is identical with the left-hand 


curve in Fig 


aeration were stopped, and after the blood had drained from the sides of 
the vessel 2.2 ml. of carbon dioxide were admitted. The partial pressure 
of earbon dioxide was 17.7 mm. of Hg. Shaking was again begun, and the 
uptake of carbon dioxide was followed manometrically. 

The results are presented in Table I. The concentrations of the in- 
hibitors are given in mg. per cent for the sake of conformity with the rest 
of the literature on sulfonamide drugs. The rates of uptake of carbon 
dioxide are those observed in the second quarter of the reaction. The 
rates are corrected by the method of Roughton (9) for the limiting effect of 
diffusion through the gas-liquid interface. The second column under 
each drug gives the per cent inhibition of the catalyzed reaction calculated 
on the assumption that the slowest rate observed represents the uncat- 
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alyzed reaction. The third column gives the per cent inhibition of the 
enzyme calculated from equation (1) and the appropriate constants. 
These observations show that the inhibition of the catalyzed reaction 
is not proportional to the inhibition of the enzyme. In order to reduce the 
rate of the catalyzed reaction by 90 per cent more than 99.97 per cent of 
the enzyme must be inhibited. At 0° concentrations of thiophene-2-syl- 
fonamide between 10 and 25 mg. per cent will effect this degree of inhibition, 
while the concentration of sulfanilamide must be over 50 mg. per cent. At 
body temperature much higher concentrations of sulfanilamide would 


be required. 


TABLE I 


Rate of U ptake of ( ‘arbon Dioxide by Blood at 0° in Presence of Th topher e-2-s ilfonamide 
and Sulfanilamide 

















Thiophene-2-sulfonamide Sulfanilamide 
Inhibitor (7 rer''w ae Pros | oul 
Rate of COs | inhibition of | , Pet Cet. | Rate of CO: | inhibition of | , Pet cent - 
uptake catalyzed —— © uptake catalyzed inhibition of 
reaction Cusp reaction | “Ozyme 
me. per ceni c.mm. per sec. | c.mm. per sec. 
0 14.65 0 0 14.65 0 0 
] 5.09 69.5 99.74 13.23 10.3 | 98.28 
10 2.72 86.5 99.97 7.17 54.4 | 99.83 
25 0.88 100.0 99.99 5.60 65.8 99.93 
50 0.88 | 100.0 | 100.00 3.29 82.5 | 99.97 
125 2.04 91.6 99.98 
250 1.46 95.7 99.99 
SUMMARY 


The inhibition of carbonic anhydrase by thiophene-2-sulfonamide and 
sulfanilamide can be described by the equation E + 1=— EI. The constant 
for the mass action expression of this reaction has been determined. 

Thiophene-2-sulfonamide is 6 times more effective in inhibiting carbonic 
anhydrase at 0° than sulfanilamide and probably about 40 times more 
effective at 38°. 

4-Fold variations in the substrate concentration have no effect on the 
inhibition. 

In order to reduce the rate of the catalyzed uptake of carbon dioxide 
by blood at 0° by 90 per cent the carbonic anhydrase in the red cells must 
be inhibited by more than 99.97 per cent. The concentration of thiophene- 
2-sulfonamide required is between 10 and 25 mg. per cent, while the con- 
centration of sulfanilamide is over 50 mg. per cent. 











> ou ow 8 OS 


a 


‘ 
s 


4 
; 


H. W. DAVENPORT 571 


BIBLIOGRAPHY 


_ Mann, T., and Keilin, D., Nature, 146, 164 (1940). 

4 Hober, R., Proc. Soc. Exp. Biol. and Med., 49, 87 (1942). 

_ Feldberg, W., Keilin, D., and Mann, T., Nature, 146, 651 (1940 
. Davenport, H. W., Am. J. Physiol., 133, 71 (1941). 

_ Tucker, H. F., and Ball, E. G., J. Biol. Chem., 139, 71 (1941). 


toughton, F. J. W., Dill, D. B., Darling, R. C., Graybiel, A., Knehr, C. A., and 
Talbott, J. H., Am. J. Physiol., 186, 77 (1941). 

Grant, C., Thesis, University of Western Ontario, London, Canada (1944 

Meldrum, N. U., and Roughton, F. J. W., J. Physiol., 80, 113 (1934). 

Roughton, F. J. W., J. Biol. Chem., 141, 129 (1941). 
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(From the Depariment of Biochemistry, College of Agriculture, 
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(Received for publication, February 17, 1945) 


During studies on anemia in dogs, it was found necessary to determine 
the iron content of milk routinely. Since the present techniques for the 
determination of iron in milk generally include ashing, a new method was 
sought in which this step could be eliminated. 

The method of Fowweather (1) was available, but wet ashing with sul- 
furic acid and hydrogen peroxide is still time-consuming. Barkan and 
Walker (2) found that digestion of blood plasma at 32° with 1.2 per cent 
hydrochloric acid gave reliable results. However, since this digestion 
fails to release firmly bound iron, it did not appear suitable for the de- 
termination of iron in milk. Tompsett (3) described a colorimetric method 
for the determination of plasma iron, using trichloroacetic acid to pre- 
cipitate the protein material and thiolactic acid as the color reagent. This 
procedure requires an alkaline medium for the final development of color 
and cannot be applied to milk, since the addition of alkali to an acid extract 
of milk produces a heavy precipitate. However, within the course of his 
investigation, Tompsett (3) found that reduction of ferric iron with thio- 
lactic acid or sodium hydrosulfite prevented the coprecipitation of the 
iron by proteins. In this connection, Borgen and Elvehjem (4) found 
that sodium pyrophosphate gave low iron values when added to a sample 
unless a reducing agent was also present. 

Kitzes ef al. (5) proposed a method in which the proteins are precipitated 
with heat and trichloroacetic acid, the buffered supernatant is reduced with 
thioglycolic acid, and the intensity of the color developed by the addition 
of a,a’-bipyridine is measured. As outlined, this procedure is not ap- 
plicable to milk, since it does not liberate firmly bound iron. However, 
because it is rapid, accurate, and seemingly adaptable, attempts were 
made to. modify the method for use on milk. 

Reagenis— 

1. a,a’-Bipyridine. 0.2 gm. of a,a’-bipyridine is dissolved in 5 ml. of 
c.P. glacial acetic acid and diluted with water to 100 ml. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. 
Supported in part by a grant from the Wisconsin Alumni Research Foundation. 
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2. Ammonium hydroxide, approximately 6 N. 

3. Buffer solution. Dissolve 27.2 ml. of c.p. glacial acetic acid and 33.4 
gm. of c.P. sodium acetate in water and dilute to a volume of 250 ml. 

4. Hydr&hloric acid, 6 n and c.P., concentrated. 

5. p-Nitrophenol, 0.1 per cent solution in water. 

6. Redistilled water. 

7. Standard iron solution, prepared by dissolving iron wire in dilute 
hydrochloric acid. 

8. Thioglycolic acid, Eastman’s practical grade. 

9. Trichloroacetic acid, 25 per cent solution in water 

EXPERIMENTAL 

The method of Kitzes et al. (5) was tried as such, but extremely low 
iron values were obtained (0.13 to 0.18 mg. per kilo of milk). Recovery 
of added iron was likewise poor and averaged only 45 per cent. These 
results were attributed to coprecipitation of the inorganic iron and failure 
to liberate the firmly bound iron. The work of Barkan and Walker (2) 
suggested that hydrochloric acid might overcome the difficulty. There- 
fore, new determinations were made with the procedure as outlined by 
Kitzes except for the addition of 1 ml. of 6 N hydrochloric acid to the 
digestion mixture. This set of determinations gave values of 0.44 to 
0.63 mg. per kilo of milk. Subsequently varying amounts and concentra- 
tions of hydrochloric acid were tried. It was found that the addition of 
1 ml. of concentrated hydrochloric acid gave the best results, and that 
higher concentrations of acid were not advantageous. 

Because of the earlier work of Tompsett (3) and Borgen and Elvehjem 
(4) it was decided to add a reducing agent to the digestion mixture. Thi- 
oglycolic acid was chosen as the reducing agent, because Shorland and 
Wall (6) and Borgen and Elvehjem (4) had demonstrated its ability to 
liberate hematin iron. 5 drops of thioglycolic acid were added to the 
hydrochloric-trichloroacetic acid digestion mixture and the procedure 
followed as before. Values obtained in this analysis ranged from 0.522 
to 0.564 mg. per kilo of milk and recoveries of added iron averaged 8 
per cent. 

Under these conditions a clear supernatant could not always be obtained. 
Therefore, the effect of various concentrations of trichloroacetic acid, 
length of heating, and speed of centrifugation was studied. It was found 
that adding 2 ml. of 25 per cent trichloroacetic acid to the hydrochloric 
acid digestion mixture and heating for 5 minutes in a water bath (90-95°) 
brought about the formation of a flocculent precipitate which could be 
removed by centrifuging at 3500 r.p.w. for 15 minutes. It was further 
found that all reagents can be added simultaneously to the digestion 
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mixture without altering the iron values. Recovery of added iron in 
this case was found to range from 95 to 106 per cent. 

As another check on the reliability of the method, the residues of several 
samples were ashed, boiled in hydrochloric acid, and their iron content 
determined by the bipyridine method. Only negligible amounts of iron 
(possibly due to contamination) were found. 


Proposed Procedure 


To 5 ml. of whole milk in a 15 ml. centrifuge tube, add 5 drops of thio- 
glycolic acid, 2 ml. of trichloroacetic acid, and 1 ml. of concentrated hy- 
drochloric acid. A blank with all reagents is also prepared. 


TaBie I 
Iron Values for Raw, Market, and Evaporated Milk 





| | 
Iron per 











5 ml. sample of milk | SNe | Aliquot | aint = - “— 
a = ——E | | 

ml, | Y meg. 
Raw | 1 | 10 | 63.5 | 93.5 | 1.05 | 0.520 
al | 2 | 10 | 63.2 | 98.8 | 1.00 | 0.500 
ess 3 10 | 63.0 | 94.0 | 0.97 | 0.490 
Market l 10 | 64.0 | 94.0 | 0.97 | 0.490 
“ 2 10 | 63.5 | 93.5 | 1.05 | 0.520 
oe 3 5 | 63.8 |.96.1 | 0.57 | 0.570 
Evaporated l 10 | 64.0 | 87.1 2.29 1.144 
- [oe 10 | 63.0 | 86.2 | 2.47 | 1.234 
| 3 | 10 | 63.7 | 87.0 | 2.30 | 1.150 





Stir well and place in a water bath heated to 90-95° for 5 minutes and 
cool in water. 

Stir thoroughly to break up the precipitate, and centrifuge at 3500 
R.P.M. for 15 minutes. 

Decant the supernatant into a 25 ml. glass-stoppered volumetric flask. 
Wash the precipitate with a mixture of 2 ml. of redistilled water, 1 ml. of 
trichloroacetic acid, and 1 ml. of concentrated hydrochloric acid, and 
repeat the heating and centrifuging as above. 

To the combined supernatants add 1 drop of p-nitrophenol and ammonia 
slowly until the solution becomes yellow. Make acid with 1 or 2 drops of 
hydrochloric acid or until the yellow color disappears. 

Add 1 ml. of buffer solution and dilute with water to 25 ml. Mix. 

Pipette an aliquot (5 or 10 ml.) containing 1 to 3 y of iron into an 
Evelyn tube and make to 10 ml. with water. 

Reduce any ferric iron present with 2 drops of thioglycolic acid, and 
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determine the center point reading (100 per cent transmission on the 
galvanometer scale). ! 
Add 1 ml. of 0.2 per cent a,a’-bipyridine reagent and mix. Read each | 
tube in the colorimeter, using the respective center point reading obtained | 
previously. 
Calculate the amount of iron present by reference to a standard curve (5), (F 
To test the validity and reproducibility of the proposed method, de- 
terminations were made on several samples of market milk, raw milk, 
and evaporated milk. A few typical data are given in Table I. 
Johnston (7) recently made an extensive study of the iron content of 


market milks, using the thiocyanate method of Stugart (8), and found the | & 
values to range from 0.114 to 0.650 mg. per kilo of milk. Although the = 
values obtained in this investigation are higher than those obtained by Pp 
Johnston, they do fall within the range reported by other workers (9-11), tk 
m 
SUMMARY vi 
A modification of the bipyridine method which requires no ashing is th 
proposed for the determination of iron in milk. Iron values obtained by fo 
this procedure range from 0.490 to 0.570 mg. per kilo of raw or market @ 
milk. la 
Ww 
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NOTE CONCERNING THE REVERSIBLE INACTIVATION 
OF PROLAN 


By FRITZ BISCHOFF 


(From the Chemtcal Laboratory, Sania Barbara Cottage Hospital Research Institute, 
Santa Barbara) 


(Received for publication, January 2, 1945) 


The reversal by hydroquinone of the partial inactivation of chorionic 
gonadotropin at the temperature of boiling water has been studied by Bow- 
man and ourselves. We (1) have been unable to find the reactivation re- 
ported by Bowman (2). The possibility, suggested by Fraenkel-Conrat (3), 
that the degree of inactivation might account for the difference in results 
must be considered, although we also failed to confirm the degree of inacti- 
vation at the temperature of the water bath reported by Bowman, and in 
this our results agreed with the data of three earlier reports. Moreover, we 
found that hydroquinone under the experimental conditions described 
causes partial inactivation of intact gonadotropin. Rimington and Row- 
lands (4) recently reported that the gonadotropin of pregnant mare serum, 
which was partially inactivated by heat, was not reactivated by hydroqui- 
none. The large percentage of recovery (between 35 and 50 per cent) of 
active material after boiling half an hour as reported by Bowman could only 
be reconciled with the results of all other workers, who report less than 10 
per cent recovery, on the assumption that the inactivation is not of the 
first order. This possibility was tested (Table I, Experiment I) by com- 
paring the inactivation of chorionic gonadotropin in a concentration of 25 
iu.! per ce. with 12-fold this concentration. Both preparations were 
placed in a boiling water bath and plunged into a cold water bath as soon as 
the temperature reached 100°. It required 65 seconds to cover the tempera- 
ture increment 70-100° and 17 seconds to cover the increment 100-60°. 
The results clearly show that concentration is without effect upon degree of 
inactivation and that only 5 per cent of the original biologic activity sur- 
vives. The results of Experiments II and III show that to obtain a degree 
of inactivation comparable to that reported by Bowman a temperature of 
inactivation below 65° is required. Attempts were made to reactivate this 
reaction product, which had suffered a 60 per cent loss in potency, with 
hydroquinone. The experimental conditions, with the exception of the 
temperature of inactivation, were exactly the same as previously described 

|). In each case hydroquinone produced a decrease rather than an in- 


This was the lowest concentration that could be used to assure an adequate 
concentration for the bioassay. 
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crease in potency. Finally, inactivation of chorionic gonadotropin in ap 
atmosphere of nitrogen’? was compared under otherwise identical conditions 
with inactivation in an atmosphere of air. ‘The results of Experiment JV 
indicate that the oxygen of the air does not enter into the inactivation, a 
has been assumed (2). 


SUMMARY 


1. A 12-fold increase in concentration of hormone was without influence 
upon the extremely rapid inactivation of chorionic gonadotropin at the 


TaBLe I 


Treatment of Chorionic Gonadotropin (Prolan) with Hydroquinone after 
Heat Treatment 





Uterine* | Limit of 























! 
~ 
—_ Treatment of prolan Dose | pes rehe ven Recov- | aeviation 
No. | | deviation of ery | 19 of 20 
mean times 
. - = wlstetinieal ocpittions 
meg. meg. | per cent 
1 | Control 0.01} 2944 
| 82 sec. at 70-100-60°, 25 1.v. per cc. 0.20] 28+5 5 +1.3 
| Control 0.01} 2345 | 
82 sec. at 70-100-60°, 300 1.v. perce. |0.20| 3147 | 5.5|) 414 
II | Control 0.01; 2623 | 
5 min. at 64.2° 0.05 | 652+9 42 +8 
5 “ “ 64.2°, hydroquinone 30 min.; | 0.05 | 39+ 6 | 30 +8 
dilution, immediate administration 
III | Control 0.02} 6832427 | 
10 min. at 63.1° | 0.075} 95+9 | 38 +8 
10 ‘“* ‘* 63.1°, hydroquinone 30 min.;/ 0.075) 6549 | 27 +6 
| dilution, immediate administration 
IV | Control 0.02 | 4747 
7 min. at 63.5°, air | 0.04 | 56 + 6 56 +12 
|7 “  63.5°, nitrogen | 0.04 | 50+8 | 53 +12 





* The bioassay was performed in exactly the same manner as described in the 
earlier publication (1). 


temperature of the boiling water bath, indicating that the reaction was 4 
denaturation, not an oxidation. 

2. A product which was inactivated to the extent of 60 per cent of the 
original activity by heating in a bath at 63-64° was not reactivated by treat- 
ment with hydroquinone. The rate of inactivation at 63-64° was not 
decreased when performed in an atmosphere of nitrogen. 

? Equilibration was performed in a closed system fitted with a Bunsen valve. The 


control tube and tube containing nitrogen were placed in a water bath to attain the 
same temperature before being heated in the thermostat at 63.5°. 
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3. The possibility that the degree of inactivation is a factor in the re- 
ported reversal by hydroquinone on partially heat-inactivated chorionic 
gonadotropin was not substantiated. 
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Creatinine has been determined colorimetrically by the Jaffe reaction 
(1) for many years. Yet there are no published data which indicate why 
the particular concentrations of reagents are used. Folin (2) in the first 
paper which describes the determination of creatinine in urine by this 
reaction simply states: ‘“‘Als Resultat vielfacher Untersuchungen beziiglich 
der Reaktion des Kreatinins mit alkalischer Pikrinséurelésung hat sich 
folgendes ergeben ...’’ and Shaffer (3) similarly states, “As a result of 
several hundreds of determinations under different conditions we con- 
cluded that the optimum conditions are...’ No further details are given 
in either instance. Nor does subsequent work indicate what trend might 
be expected in the color developed if the concentration of picric acid or 
alkali, the volume, etc., are altered. The following experiments were 
undertaken, therefore, to obtain such information with particular reference 
to the determination of creatinine in very dilute solution. 


EXPERIMENTAL 


The color densities were measured throughout with a Klett-Summerson 
photoelectric colorimeter (4). Filter 54 obtained with the instrument was 
used. By actual measurement in a Beckman spectrophotometer (5) 
this filter exhibits a maximum absorption at about 525 my. This is 
about the best wave-length at which to measure this color since picric 
acid absorbs strongly above 510 my and the color due to creatinine does 
not absorb much light above 540 mu. 

The concentrations of creatinine used were such that the readings ob- 
tained would fall within the most sensitive range of the photoelectric 
colorimeter. The volumes of the sample of the creatinine solution and 
the reagents were selected arbitrarily so that the determination could be 
carried out in a Klett-Summerson colorimeter tube or in Pyrex or other 
test-tubes which could be adapted to the instrument, and so that ordi- 
nary volumetric transfer pipettes may be used. 

The standard creatinine solutions were prepared fresh daily by the 


* This study was aided by a grant from the John and Mary R. Markle Foundation. 
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proper dilution of a stock standard containing 0.5 mg. of creatinine per ml, 
of 0.1 mw HCl. 

The picric acid solutions were prepared by diluting the saturated stock 
solution. These dilutions were carried out at 25° + 1°. 

The sodium hydroxide was similarly prepared by diluting a 50 per cent 
solution by weight to either 10 or 20 per cent. These solutions were ther 
diluted to the desired strength. 

Effect of Varying Concentrations of Picric Acid and Sodium Hydrozide 
upon Color Developed—The first experiments were carried out at a constant 
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Fic. 1. Color developed with 20 y of creatinine as a function of the concentration of 
sodium hydroxide added at the following concentrations of 2 ml. of picric acid: Line 
1, saturated picric acid; Lines 2, 3, and 4, one-half, one-third, and one-fifth saturated 
picric acid respectively; Line 5, average of values. 


creatinine concentration as follows: 2 ml. of the picric acid solution and 
1 ml. of the sodium hydroxide solution to be studied were added to 2 ml. of 
a solution containing 20 y of creatinine. The mixture was allowed to 
stand until the maximum color had developed. A blank determination 
in which water was used in place of the creatinine solution was prepared 
simultaneously in all cases. The color developed in both the standard 
solution and in the reagent blank was determined. The zero adjustment 
of the colorimeter was made with a tube containing distilled water. 
The total color developed with different concentrations of picrie acid 
at a constant creatinine concentration is plotted in Fig. 1 as a function 
of the concentration of the 1 ml. of sodium hydroxide added. The color 
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obtained (as read with the colorimeter adjusted to zero with distilled water) 
with 2 ml. of saturated picric acid is described by Line 1. Similarly, the 
color obtained with 2 ml. of one-half saturated picric acid is shown by 
Line 2; that with 2 ml. of one-third saturated picric acid by Line 3; and 
that with 2 ml. of one-fifth saturated picric acid by Line 4. These data 
seem to indicate that the color is a function of both the concentration of 
the picric acid and of the alkali. However, if the values obtained at the 
same concentration of creatinine and of added alkali but at different con- 
centrations of picric acid are corrected for their own reagent blanks, the 
resulting values are essentially identical. The values so obtained in these 
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Fie. 2. Total color developed with 30 y of creatinine as a function of the picric acid 
concentration. Total volume 5 ml.; 1 ml. of 3 per cent sodium hydroxide used in all 
cases. 


experiments have been averaged and are plotted as Line 5in Fig. 1. The 
vertical lines indicate the range of values. 

These data illustrate that the color obtained in the Jaffe reaction is 
independent of the concentration of picric acid, at least over a fairly wide 
range, and that it is dependent upon the concentration of the alkali 
employed. It is also apparent that as the concentration of the sodium 
hydroxide is increased the fraction of the total color attributable to cre- 
atinine is decreased, until at the higher concentrations of alkali nearly all 
the color is from the reagent blank. 

Additional data are presented in Fig. 2 which show that the total color 
minus the reagent blank is independent, over a wide range, of the picric 
acid concentration at a constant alkali concentration. Since this graph 
includes data from experiments in which 3 ml. of creatinine solution and 
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1 ml. of picric acid were used as well as data from the experiments in which 
2 ml. of picric acid were used, the picric acid concentrations are expressed 
in terms of moles of picric acid. 

Rate of Color Development—The rate at which the color develops ig 
inversely proportional to the concentration of both the picric acid and the 
sodium hydroxide; this is shown in Fig. 3. 

Proportionality of Color Developed to Concentration of Creaténine—The 
relationship between the color developed and the concentration of cre- 
atinine was studied with several different concentrations of picric acid 
and alkali. As could be predicted from the previous data, the maximum 
color was obtained with 1 per cent alkali at all concentrations of creatinine, 
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Fic. 3. The rate of color development as a function of the concentration of the 


sodium hydroxide added. 20 y of creatinine. Line 1, saturated picric acid added; 
Line 2, one-third saturated picrice acid added; Line 3, one-fifth saturated piecric acid 


added. 


Progressively less color was also obtained at all concentrations of creatinine 
as more concentrated alkali was used. These data are shown in Fig. 4 
where Lines 1, 2, 3, and 4 were drawn to act as visual guides to the data 
obtained at 10 to 50 y of creatinine when the alkali concentration (in the 
1 ml. of sodium hydroxide added) was 1, 2, 3, and 4 per cent respectively. 
The concentration of picric acid used again seems to make little difference, 
although we have not studied this factor at all concentrations of alkal. 
However, the data indicated by Line 3 are the average results obtained 
in experiments in which 1 ml. of five different concentrations (saturated, 
one-half, one-third, one-fifth, and one-tenth saturated) of picric acid were 


used. 


It is also apparent from these data that the color developed is not pro 
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portional to the concentration of creatinine when the total volume is 5 ml. 
To substantiate this qualitative observation we have calculated the ap- 
proximate molar extinction coefficients from the mean colorimeter readings 
obtained at creatinine concentrations of from 1 to 10 and at 20, 30, 40, 
and 50 y per 5 ml. with the creatinine method to be described below. These 
molar extinction coefficients are shown in Table I. The Lambert-Beer 
law seems to apply at creatinine concentrations below 10 y per 5 ml. (Fig. 4). 
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CREATININE MICROGRAMS 
Fie. 4. Color developed as a function of the creatinine concentration. Lines }, 
2,3, and 4 show color obtained with 1, 2, 3, and 4 per cent NaOH, respectively; Lines 
5 and 6, result of diluting solutions from Line 3 to 2 and 5 times their original volumes 
with water; Line 7, the Folin-Wu method. 


Above this concentration, however, the calculated extinction coefficients 
show a gradual decrease. The Lambert-Beer law, therefore, does not 
apply at these concentrations. 

However, the proportionality between the color and the concentration 
can seemingly be improved by diluting the reaction mixture after the color 
has developed or by allowing the color to develop in a more dilute solution. 
For example, if the solution obtained in the creatinine method described 
below is diluted with an equal volume of water (i.¢., to a total volume of 
10 ml.), the proportionality is improved somewhat. The color developed 
before dilution, in terms of colorimeter readings, is about the same as that 
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indicated by Line 3, Fig. 4. The colorimeter readings obtained after the 
solution is diluted with an equal volume of water are indicated by Line §, 
If this reaction mixture is diluted still further to a total volume of 25 mi., 
the apparent proportionality is still better (Line 6) and the calculated 
molar extinction coefficients are approximately constant (Table I). 


TaBie I 
Molar Extinction Coefficients (Approzrimate)* 





























Molar extinction coefficients, K 10* 
ae Creatinine Diluted 
analyzed per liter Undiluted Folin method 
i:1 1:5 
7 micromoles 
1 | 1.8 5.65 
2 3.5 5.65 
3 5.3 | 6.00 
4 7.1 5.95 
5 8.9 5.65 | | 
6 10.6 5.65 
7 | 12.4 | 5.50 | 
.. 2° ee T Oe | 
9 | 16.9 5.40 
10 | 17.7f | 5.65 6.65 | 7.90 | 6.45 
20 | 35.4 5.35 6.20 7.35 | 5.90 
30 | 58.1 | 5.05 6.10 7.40 5.40 
40 | 70.8 4.95 | 6.00 7.50 5.40 
50 | 88.5 | 4.75 5.85 7.25 5.30 








* The colorimeter reading on the Klett-Summerson instrument multiplied by 2 
X 10-* gives a value which approximates D = (2 — log G). If one assumes that the 
cylindrical tube used in this instrument is approximately equivalent to a solution 
thickness of 1 cm., D becomes approximately equal to the extinction, k, or more 
properly k’, where the prime indicates the inclusion of unknown correction factors. 
This k’ divided by the concentration of creatinine in micromoles per liter is the 
approximate molar extinction coefficient described. 

t This and the subsequent figures in this column must be divided by 6 for the 


Folin method. 


Also, when the color is allowed to develop in a more dilute solution, a 
in the Folin-Wu method for blood (6), the proportionality between the 
color and the concentration is good (Line 7, Fig. 4) and the molar extinction 
coefficients are approximately constant (Table I). It is, however, im- 
mediately apparent that there is a decrease in both total color and in sensi 
tivity when the Lambert-Beer law seems to apply. 

Application to Determination of Creatinine and Creatine in Diluted Urine 
and in Blood Filtrates—We have selected for our own use one procedure from 
the many possibilities indicated above. The reasons which motivated 
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this particular selection are presented in the discussion. The values 
obtained by this procedure have been compared with the values 
obtained by the Folin methods for the determination of creatinine in 
urine (7) and in blood filtrates (6).' 

The procedure employed by us follows: 3 ml. of the unknown solution 
diluted urine or blood filtrate) containing up to 50 y of creatinine are 
used. To this solution is added 1 ml. of 0.04 m picric acid followed by 1 ml. 
of standardized 0.75 n (3 per cent) sodium hydroxide. The color is allowed 
to develop for 15 minutes. It is stable for at least another 30 minutes. 
The creatinine content of the solution is calculated from a standard curve 
obtained by averaging the results obtained in six different experiments 
at 1 to 10 and at 20, 30, 40, and 50 y of creatinine. 

Added creatinine may be recovered quantitatively from the urine. Some 
typical results are shown in Table IT. 


TABLE II 


Recovery of Added Creatinine from Urine 


Creatinine added Creatinine found Creatinine recovered 
sf per cent 
0 9.5 
5 14.4 98 
10 19.8 103 
20 29.7 101 


30 : 40.0 102 


In a series of thirty urines analyzed for creatinine by this procedure 
the average deviation from the values obtained by the Folin method (7) 
was —0.4 per cent, with a maximum range of +10 per cent. However, 
the majority of the determinations deviated less than +5 per cent from 
the value obtained with the Folin method. 

Ten whole blood filtrates from patients who might be expected to have 
normal blood creatinine levels were analyzed by both methods. These 
bloods contained an average of 1.5 mg. per cent (range 1.4 to 1.7) of creati- 
nine by the Folin method and 1.4 mg. per cent (range 1.2 to 1.5) by the 
procedure described above. 

Creatine is 80 per cent converted to creatinine at these concentrations 
by heating the creatine-containing solution with picric acid in a boiling 
water bath for 45 minutes. This percentage conversion is of the same order 
of magnitude as that obtained in the Folin autoclave method. These 
observations confirm those of Albanese and Wangerin (8) who found that 


‘The color density in both these methods was measured with the photo- 
electric colorimeter. Standard curves were also used in both instances. 
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creatine is not converted quantitatively to creatinine by the Folin auto 
clave method. 

The percentage conversion is fairly constant and reaches a maximum 
value at about 80 per cent conversion when creatine is heated with pierie 
acid in a boiling water bath, as described below. No creatinine is de. 
stroyed by this procedure. It seems, therefore, that for many purposes 
the procedure described below might serve as a method for the determina. 
tion of creatine in dilute solution in that the procedure does not require an 
autoclave and requires no attention if a constant level water bath is 
vailable. 

Creatine in urine is determined by the procedure described above for 
creatinine after heating 3 ml. of the creatine-containing solution with 1 ml, 
of 0.04 m picric acid in an unstoppered tube graduated at 5 ml. for 4 
minutes in a vigorously boiling water bath.? After the solution has cooled 
to room temperature, 1 ml. of alkaliis added. The volume is then adjusted 
to 5 ml. with water. $To calculate creatine as creatinine the value ob- 
tained by difference in the usual manner is multiplied by 1.25.6 The values 
for total creatinine obtained by this method upon diluted urine wer 
essentially the same as those obtained by the Folin autoclave method. 
If a quantitative conversion is required, the method described by Peters 
(9) might be applied, or the method described by Benedict (10) can be 
used before the urine is diluted. These procedures, however, have not 
been extensively studied by us. No attempt has been made to determine 





creatine in blood filtrates. 

It appears, therefore, that the method described above for the determins- 
tion of creatinine and creatine yields essentially the same values for cre- 
atinine and creatine in diluted urine and for creatinine in blood filtrates 
as do the Folin methods cited for the determination of these substances. 
This method has now been in use in our laboratory for the past several 
months for the routine determination of creatinine. 

DISCUSSION 

The ideal conditions for the determination of any substance by a color- 
imetric procedure are those which yield a color which is directly pro 
portional to the concentration of the substance to be determined. The 
data presented above indicate that this ideal cannot be reached with this 
particular reaction regardless of the conditions chosen. However, one 
may approximate this ideal condition over the range of from 10 to 07 
of creatinine if procedures such as are described above (i.e. dilution) 0 
the Folin blood method is used. But, it is doubtful whether dilution of 


* The water bath must be boiling vigorously. 
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the reaction mixture actually improves the proportionality. For when 
these reaction mixtures are diluted 5 times with water, the slope of the 
line describing the color as a function of the creatinine concentration is 
decreased to such an extent that the variations which occur probably fall 
within the resolving power of the instrument, since the measurements are 
made, perforce, at a constant solution thickness. So what appears to be 
an improvement in proportionality may be merely an artifact. Further- 
more, when such procedures are followed, there is a great loss in sensitivity. 
For instance, when the Folin method is used, a difference of 40 y of cre- 
atinine results in a change of 31 scale divisions or 0.78 scale division per 
microgram. On the other hand, when the procedure described herein 
ig used (assuming a linear relationship), a similar change in creatinine con- 
centration results in a change in 161 scale divisions or approximately 4.0 
seale divisions per microgram. It would appear, therefore, that if urines 
are diluted sufficiently so that the creatinine can be determined by the 
Folin blood method, as suggested by Peters (9), the low sensitivity of the 
method might lead to a relatively large error in the result. However, 
when blood filtrates are analyzed, one must choose between a method with 
a low sensitivity or a procedure which has greater sensitivity but which 
gives lower colorimeter readings.” 

The assumption which has been made above that a linear relationship 
holds in the method described is obviously fallacious. However, it is of 
interest to calculate the actual percentage error which results if this as- 
sumption is made. For these calculations the mean values obtained at 
10, 20, 30, 40, and 50 ¥ of creatinine are compared with the values obtained 
from the best straight line which fits the data as calculated by the method 
of least squares. The values which are obtained from the straight line 
are then 6 per cent high at 10 y, 2 per cent low at 20 7, 1.5 per cent low at 
30 y, 1.1 per cent low at 40 y, and 1.4 per cent high at 50 y. If the mean 
values are compared with the values obtained from the best straight line 
which fits the data between 10 and 40 +, the values obtained from the 
straight line are 2 per cent high at 10 7, 2 per cent low at 20 y, 0.75 per cent 
low at 30 y, and 0.58 per cent high at 40 y. It is possible, therefore, to use 
a formula‘ to calculate the creatinine concentration without introducing 
a very great error, even though a linear relationship is not found to exist. 


* Similar results have been obtained when the Evelyn photoelectric colorimeter 
(11) has been used. To use this colorimeter al] volumes are doubled. Filter 520 is 
used at Aperture 6. 

* The mean values, the equations, and the formulas which may be derived from 
them are not presented because they are relative and not absolute values. Itis not 
expected that identical numerical results can be obtained by others because of the 
variations which exist in filters. 
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However, one must be cognizant of the fact that errors are involved jp 
such a procedure. 

The particular method which we have outlined above was selected 
because it fits in best with our present analytical routines. The 0.04 y 
picric acid and the 0.75 n (3 per cent) alkali are used because the color 
develops sufficiently rapidly at these concentrations of picric acid and 
alkali and the blank color is still at a minimum. At the concentration of 
alkali at which the maximum color develops the rate of color development 
is too slow even with saturated picric acid for our purposes. 

It is possible that at the concentration of alkali used more color may 
be produced from non-creatinine substances such as glucose than at 
lower concentrations of alkali. We have tested this point experimentally 
with respect to glucose. The color remains constant for 30 minutes after 
the maximum color has been attained with Folin-Wu blood filtrates and 
in urines to which 1 per cent glucose has been added. There may be 
an increase in color after 40 minutes. There is no difference in the cre- 
atinine values obtained in urine before and after the addition of glucose, 
The presence of glucose, therefore, does not seem to interfere with the 
determination. 

Many questions concerning the mechanism of the Jaffe reaction are 
raised by the data. We feel, however, that there is no justification for a 
discussion of these points until more data are available. 


SUMMARY 


The effect of varying the concentration of picric acid and of alkali upon 
the color formed in the Jaffe reaction used for the determination of creat- 
inine has been studied in solutions which contain 1 to 50 y of creatinine per 
5 ml. The amount of colored creatinine compound formed as measured 
by the color developed is independent of the concentration of the picrie 
acid added above a low limiting concentration of picric acid. The amount 
of colored creatinine compound formed is greatest at low concentrations 
of alkali and progressively decreases as the concentration of alkali is in- 
creased. The rate at which the color develops is inversely proportional 
to the concentration of both the picric acid and the sodium hydroxide. 

The color formed is not directly proportional to the concentration of 
creatinine except at very low concentrations in the 5 ml. of solution em- 
ployed. By diluting this solution the linearity seems to improve. This 
apparent improvement, however, is considered an artifact. 

A procedure for the determination of creatinine in blood filtrates and in 
diluted urine is described which is based upon the data obtained. 
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This paper deals with the hydrolysis of gramicidin by acid and the rate 
of appearance of various structures released by the rupture of linkages, 
including total amino nitrogen, periodate-labile amino nitrogen, a-amino 
nitrogen, and alanine, and of the carboxyl group of leucine, and of valine 
and tryptophane utilizable by Lactobacillus arabinosus. The purpose of the 
study is to provide further information which may assist in determining the 
specific linkages of the constituent amino acids of the molecule. At the 
same time gramicidin offers a relatively simple test material for the study 
of various techniques for following the course of proteolytic hydrolysis. 


Methods 


Hydrolysis by Boiling Acid—Gramicidin! was dissolved at a concentration 
of 10 mg. per ml. in glacial acetic acid (previously refluxed with potassium 
dichromate and redistilled). An equal volume of 6 N hydrochloric acid was 
added, and refluxing begun under a carbon dioxide atmosphere by lowering 
the flask into a bath of Wood’s metal. Another volume of 6 N hydrochloric 
acid was added at a constant rate during the first 10 minutes of hydrolysis. 
At intervals during the subsequent hydrolysis, aliquots were removed with- 
out interruption of boiling or admission of air. These aliquots were at once 
evaporated to dryness in vacuo at 30° and dissolved in water for the analyses. 

Hydrolysis at 37°—200 mg. of gramicidin were dissolved in 1 ml. of glacial 
acetic acid, and 1 ml. of 10 n hydrochloric acid was added. This solution 
was left for 10 days, at 37°, sealed in a glass ampul with a carbon dioxide 
atmosphere. The solution was then taken to dryness at low temperature 
and dissolved in water for analysis. 

“Complete” Hydrolysis—The hydrolysis was carried out with the 1:2 mix- 
ture of acetic acid and 6 n hydrochloric acid in a sealed tube at 110° for from 
46 to 48 hours to provide the standard for ‘‘complete” hydrolysis. 

a-Amino nitrogen was determined by the procedure of Hamilton and Van 
Slyke (1) with the reaction with ninhydrin at pH 2.5. The solution used 
for absorbing the carbon dioxide contained hydrazine in addition to sodium 
chioride (2). The factors given by Van Slyke, Dillon, MacFadyen, and 
Hamilton (3) were used for calculating the results. 

‘Gramicidin has been isolated from tyrothricin supplied by Dr. Leo Wallerstein 
of the Wallerstein Company, Inc. 
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Amino nitrogen was determined by the manometric Van Slyke procedure 
(4). These determinations were also performed upon samples of hydroly- 
sates which had been exposed to the action of periodate in dilute sodium 
hydroxide, the excess periodate being destroyed with glucose and the 
ammonia released being removed in vacuo prior to analysis, 

Alanine was determined by measuring the acetaldehyde released by the 
action of ninhydrin according to the method of Alexander and Seligman? 
In this method, the acetaldehyde is removed by aeration of the boiling soly- 
tion, and measured by the color given with p-hydroxydiphenyl. Alexander 
has found that benzoylalanine and alanylglycine do not respond to this 
determination. Both the amino group and the carboxy! group are assumed 
to be required in the free state for acetaldehyde formation. The precision 
of these results was within 5 per cent of the values found. 

Release of Carboxryl Group of d(—)-Leucine—Since only /(+)-leucine is 
appreciably active in stimulating the growth of Lactobacillus arabinosus un- 
der the conditions of the assays (5), it was necessary to racemize the samples 
prior to assay. This was done by treating aliquots of the hydrolysates with 
acetic anhydride for 48 hours according to the procedure of du Vigneaud 
and Meyer (6) for racemizing amino acids. After removal of the water, 
acetic acid, and acetic anhydride in vacuo, the products were hydrolyzed for 
24 hours by 6 N hydrochloric acid at 115°. Aliquots were assayed for /(+)- 
leucine by use of Lactobacillus arabinosus according to the procedure of 
Hegsted (7).* The reproducibility of these assays was within 10 per cent. 
Available evidence indicates that in addition to free leucine, any peptide 
leucine having its carboxyl group free would be racemized by this procedure 
(9) and hence produce a growth response due to the /(+-)-leucine formed. 

l(+)-Valine and l(+)-tryptophane were also determined by the method 
of Hegsted (7)* by means of the growth response of Lactobacillus 
arabinosus. Each sample was assayed at four or five levels. The nephelo- 
metric readings at approximately 24 hours in most cases were used as the 
basis for measurement. Readings taken after other intervals and measure- 
ment of acid production gave concordant results. The rates of release 
of tryptophane and valine into forms available to the organism were deter- 
mined in two or more separate hydrolyses. 

Destruction of Free Valine with Chloramine-T—The microbiological 
assays may be assumed to measure both the free amino acid and amino 
acids contained in certain peptides. Although the composition of the pep- 


? Alexander, B., and Seligman, A. M., unpublished work. 

* Glycine, 0.5 mg. per tube, was added to the basal medium previously described. 
It may be noted that the values obtained for valine, leucine, and tryptophane after 
complete hydrolysis are in substantial agreement with values in the literature ob- 
tained by other methods (see Hotchkiss (8)). 
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tides that meet the nutritional requirements of Lactobacillus arabinosus 
for the various amino acids is unknown, the total of these is determinable 
by assay before and after free amino acids have been destroyed. Since both 
afree amino and a free carboxyl group appear to be required for the destruc- 
tion of an amino acid by chloramine-T, most peptides should be stable to 
this reagent (3). 

Chloramine-T was added in large excess to the above gramicidin hydroly- 
sates which were buffered with phosphate at about pH 7.0. After 3 
hours of incubation at 37°, residual chloramine-T was destroyed by adding 
an excess of glycine. The solutions were extracted three times with ether, 
taken to dryness in vacuo, and dissolved in water for microbiological assay. 
The fraction of the valine activity destroyed by chloramine-T is assumed to 
represent free 1(+ )-valine. 

Samples of /(+)-valine and 1(+)-leucine treated with chloramine-T 
under these conditions were destroyed quantitatively without producing 
any materials that interfered with the valine or leucine assays. 


Results 


Table I summarizes the results of experiments in which hydrolysis was 
efiected by boiling acid. 

The determination of amino nitrogen and a-amino nitrogen on the 
same hydrolysates provides standards for the over-all course of the hydroly- 
sis, which may be used in three ways. 

1. The measurement provided by the amino nitrogen determinations 
of the rate of splitting of all peptide links considered collectively furnishes 
a standard with which to compare the rates of splitting of peptide links of 
special categories as obtained by two other procedures: (a) the determina- 
tion of racemizable leucine which is presumed to have measured the rate 
of splitting of links to which d(—)-leucine contributes its carboxyl group; 
(b) the determination of perfodate-labile amino nitrogen which probably 
measured the cleavage of links to which the periodate-labile residue con- 
tributes an amino group. Nicolet and Shinn (10) found that substitution 
of a hydrogen atom of the amino group of serine by an acetyl group almost 
completely prevented attack by periodate. The rates at which these 
special peptide links are broken may be compared with the rate at which 
all of the links are split, as shown by amino nitrogen determinations. 

2. The a-amino nitrogen determinations measure the rate of release of 
free amino acids. These determinations furnish a standard with which the 
rates of release of any a-amino acid can be compared. 

3. Comparison of the values found for amino nitrogen and for a-amino 
nitrogen for the same hydrolysates permits conclusions as to whether 
hydrolysis produces apparently random proportions of all the possible 
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amino acids, dipeptides, tripeptides, and other polypeptides, or whether the 
hydrolysis tends to produce either amino acids or oligopeptides selectiveh 
Whereas amino nitrogen determinations measure the extent of cleavag 
of peptide links, the a-amino nitrogen determination measures the oceyp. 
rence of splitting of pairs of contiguous links so as to release free amino 
acids (amino acids originally at terminal positions being disregarded), 
The probability of two consecutive links being split is the square of the 
probability of the cleavage of any single link. Hence if n is the fractional 
TABLE | 
Course of Hydrolysis of Gramicidin by Boiling Acid 
Values are per cent of the maximum reached by each analytical method in 46 to 


48 hours. The per cent of gramicidin nitrogen in given forms at given times may be 
obtained by multiplying the percentages given in the table by the values at the foot 


of the respective columns. 


Perio- 


date- | a , os - Free |**A vailable” + 
: . Free Available’ /(+)- ey, 
Amino N | labile | Amino (+ +)-trypto-| Lev. 
— pos mee N alanine valine vale? Lens pe cine? 
Hydrolysate No I} Xx IX -_ - II III, VI xX | vir } Ix” ' IV 
min 
15 25.4! 20 | 6.9 /11.4 14 38 9 | 1315 {16 
30 4948 | 34 18.3 /30.1 (52 53 11 | 36 32 32 
60 64 45 (37.5 57 53 60 28 | 51 /61 45 
120 73\76 | 75 (/48.3 |71 62 61 37 | 74 177 
360 91/90 | 85 [82.7 {90 68 77 50 90 4 
| 
Fraction of gram- 
icidin N repre-| 
sented by maxi-| 
mal release . 0.803 | 0.20! 0.726] 0.106! 0.077! 0.081 | 0.380.004 





* Maximal values for free /(+)-valine, based upon reduction in available | (+ 
valine produced by chloramine-T. 

t l(+-)-Leucine after racemization and further hydrolysis. These values are 
taken to measure the degree of release of the carboxyl group of d(—)-leucine. 


extent to which the average peptide link is split (7.c., the fraction of max- 
mal amino nitrogen attained), then n? is the fraction of each amino acid 
which would be in the free state if splitting occurred at random points. 

Considering the last of these three points first, we find the values of 1 
are 0.065, 0.24, 0.42, 0.56, and 0.82 after 15, 30, 60, 120, and 360 minutes 
of hydrolysis at the boiling temperature. Comparison of these values 
with the rate of release of a-amino acids indicates that somewhat less free 
amino acid was present at most points than would be predicted from the 
amino nitrogen values. A moderate tendency was shown for oligopeptides 
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to be formed in greater amounts and free amino acids in smaller amounts 
than the quantities predicted, assuming random cleavage. This disparity 
is greater if gramicidin contains any terminal amino acid residues. With 
the slow hydrolysis at 37° this tendency was stronger, a-amino acids being 
released to 11.4 per cent of the maximum. The amino nitrogen deter- 
minations indicated that half of the peptide linkages were broken. Ii 
cleavage occurred at random points, one would expect amino acids to be 
freed to the extent of 25 per cent. Thus at 37° cleavage took place at 
weak points to a relatively greater extent than at the boiling temperature. 
One can conclude that these weak points tend not to be adjacent in grami- 
cidin, or that cleavage of certain links inhibits the cleavage of adjacent 
links. 

The rate at which /(+)-valine becomes available to Lactobacillus 
arabinosus deviated strikingly from the rate of release of the average amino 
acid. During the first 30 minutes 52 or 53 per cent of the maximum /(+)- 
valine became available; after this period the release became very sluggish. 
The yields of valylvaline isolated from gramicidin hydrolyzed for 2 and 6 
hours under similar conditions (11) roughly approximated the unavailable 
valine at these two stages of the hydrolysis. Assays of concentrates of 
valylvaline from the hydrolysates have indicated that valine in this dipep- 
tide is unavailable to the test organism. 

l(+)-Tryptophane also became available to Lactobacillus arabinosus 
more rapidly than the average amino acid, although not so strikingly as in 
the case of 1(+)-valine. That substantial portions of these amino acids 
available to L. arabinosus were still in the combined form can be 
seen by adding the available /(+)-valime, the available /(+-)-trypto- 
phane, and the free alanine. These sums during the early stages of the 
hydrolysis approach or exceed the a-amino nitrogen found. Thus at 15 
minutes the total of these three alone represents 9.8 per cent of the nitrogen 
of gramicidin, whereas ouly 9.5 per cent of the nitrogen was in the a-amino 
form. The l(+)-leucine in leucylglycine and in glycylleucine has been 
shown to be available to L. arabinosus (5, 12). That large quantities 
of valine-containing peptides active for L. arabinosus were formed 
was shown by destroying the free amino acids in the various hydroly- 
sates with an excess of chloramine-T. Subsequent assay showed that 
about three-fourths of the 1(+)-valine activity found after 15 and 30 
minutes of hydrolysis was due to compounds stable to chloramine-T. 
After 1 hour of hydrolysis 50 per cent, after 2 hours 40 per cent, and after 
6 hours 31 per cent of the /(+)-valine activity was stable to chloramine-T. 

There is one obstacle to the conclusion that the loss of l(+)-valine 
activity produced by chloramine-T was due entirely to destruction of free 
(+)-valine. Destruction of tryptophane in tryptophane-containing pep- 
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tides probably results from the action of this reagent. ‘Thus valine ¢op. 


tained in peptides which also contain tryptophane may be made unayail. 
able to Lactobacillus arabinosus because of modification of the indole group, 
Hence the results for chloramine-T-labile /(+ )-valine activity are maximal 
values for the free /(+-)-valine, and may include some peptide valine. This 
same consideration prevented the use of this reagent for the study of the 
state of tryptophane. Therefore, conclusions cannot be drawn as to 
whether the tryptophane utilizable by Lactobacillus arabinosus includes 
combined tryptophane. The values found for valine labile to chloramine-T 
demonstrate a striking retardation of the release of /(+)-valine during 
hydrolysis at the boiling temperature. The results also indicate the major 
degree to which combined /(+ )-valine contributes to the /(+ )-valine avail- 
able to the test organism. 

When the hydrolysis was performed for 10 days at 37°, /(+-)-valine and 

+-)-tryptophane activities for Lactobacillus arabinosus were respectively 
58 per cent and 10 per cent of the maximum. Of this large fraction of 
valine which had become available, practically all was peptide valine; that 
is, stable to chloramine-T. This confirms Synge’s finding‘ that very little 

ree valine was formed under these conditions of hydrolysis. 

Alanine was found present in the free state throughout the intervals 
studied, with hydrolysis with boiling acid, in proportions considerably in 
excess of the average amino acid, indicating a relative lability of the link- 
ages in which this amino acid is involved. ‘This lability was even mor 
apparent with hydrolysis at 37°, alanine being released in 10 days to the 
extent of 22 per cent (a-amino nitrogen, 11.4 per cent of the maximum), 
Thus both the relative stability of the linkages holding /(+)-valine and the 
lability of those holding alanine were accentuated by performing the 
hydrolysis at a lower temperature. 

The rate at which /(+)-leucine appeared under the procedure employed, 
representing half of the d(—)-leucine in forms racemizable by acetic an- 
hydride, was considerably slower during the Ist hour of hydrolysis than the 
rate of release of amino nitrogen, suggesting some lag in the splitting of those 
peptide links in which carboxyl groups of leucine are involved. The 
magnitude of the reduction of amino nitrogen produced by the action of 
periodate represented about 20 per cent of the nitrogen of gramicidin when 
hydrolysis was complete. This fraction is more than twice the difference 
between the amino nitrogen and the a-amino nitrogen, and more than twice 
as great as the largest quantities of ammonia recovered from gramicidin 
hydrolysates by the action of periodate. A mixture of alanine, leucine, 
tryptophane, valine, and glycine simulating the proportions in gramicidin 


‘Synge, R. L. M., personal communication. 





> COn- 


avail. 
Troup, 
ximal 

This 
of the 
aS to 
ludes 
ine-T 
uring 
najor 
Vail. 


and 
ively 
mn of 
that 
little 


vals 
y in 
jink- 
nore 
the 
1m), 
the 

the 


ved, 
an- 


the 





H. N. CHRISTENSEN AND D. M. HEGSTED 399 


gave a small reduction (about 2 per cent) in amino nitrogen when treated 
with periodate under the same conditions. 

Synge‘ observed that when the hydrolysis of gramicidin was first carried 
out for 10 days at 37° and then completed at 115°, the valine isolated had 
considerable optical activity, whereas with the usual hydrolysis by boiling 
acid, it had little or none. He suggested the possibility of a racemization 
involving both of the 2 contiguous valine molecules in gramicidin which 
could be avoided by the preliminary low temperature hydrolysis. If this 
were the case, one might be able to isolate an optically active form of valy!- 
valine after the low temperature hydrolysis. At Dr. Synge’s suggestion, 
an attempt was made to separate valylvaline from this hydrolysate. None 
could be obtained. Whether further hydrolysis would release this fragment 
has not been determined. 

These results lend encouragement to the further attack upon the structure 
of gramicidin by the isolation of peptide fragments. The findings show that 
acid hydrolysis tends to produce oligopeptides selectively, and, further, the 
results indicate that certain linkages tend to be broken to a far greater 
extent than others. Both of these factors favor the possibility of dis- 
covering the sequence of the amino acids in the molecule by the study of 
fragments. The above data demonstrate the release of other unusually 
stable peptides of /(+-)-valine in addition to valylvaline, which, in contrast 
to valylvaline, serve as a source of /(+-)-valine for Lactohacillus arabinosus. 
Synge‘ reports that he has isolated from acid hydrolysates two other valine- 
containing peptides, /(+-)-valylglycine and a tripeptide containing valine, 
leucine, and glycine. It is suggested that further interpretation of the 
foregoing data will be possible as more fragments arising from acid hydroly- 
sis are recognized and their stability to acid and nutritional value to Lacto- 


bacillus arabinosus is determined. 


SUMMARY 

1. The hydrolysis of gramicidin by acetic acid-hydrochloric acid mixtures 
at the boiling temperature and at 37° has been studied by determinations 
of amino nitrogen, a-amino nitrogen, free alanine, leucine racemizable by 
acetic anhydride, and of /(+)-valine and /(+)-tryptophane available to 
Lactobacillus arabinosus. 

2. Comparison of the rates of release of amino nitrogen and a-amino 
nitrogen indicates that hydrolysis tended to produce more oligopeptides 
and less free amino acid than would result from cleavage at random points, 
especially when the hydrolysis occurred at 37°. 

3. (+)-Valine appeared in forms available to Lactobacillus arabinosus 
much more rapidly than free amino acids in general were released. Much 
of this valine was in the form of peptides stable to chloramine-T, and, when 
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this stable fraction was deducted, the release of free /(+-)-valine was geen 
to be unusually slow, especially at 37°. 

1. The release of tryptophane available to Lactobacillus arabinosys 
was somewhat more rapid than release of amino acids in general, except 
when hydrolysis occurred at 37°. 

5. The linkages in which alanine is involved showed a relative lability 
under both sets of conditions of hydrolysis. Linkages attributed to the 
carboxyl group of leucine showed a relative stability during hydrolysis 
at the boiling temperature. 
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THE DETERMINATION OF URIC ACID IN HUMAN BLOOD 


By HERMAN BROWN 


From the Research Institute of Cutaneous Medicine, Philadelphia 
Received for publication, February 5, 1945 


Three factors have contributed to the uncertainty of the results of blood 
uric acid determinations by ‘‘direct”’ colorimetric procedures: (a) lack of 
proportionality between color intensity and uric acid content, (6) low re- 
coveries of uric acid added directly to tungstic acid filtrates, and (c) lack 
of sufficient specificity. 

Over 18 years ago the author indicated that better proportionality be- 
tween color development and uric acid content could be attained if the 
reaction proceeded at room rather than at elevated temperatures (1). 
Subsequent modifications (2-4) have embodied this feature but true pro- 
portionality was, of course, not realized and the device of using correction 
factors or several comparison standards has been found necessary. More 
disturbing is the fact that quantitative recoveries of uric acid added directly 
to tungstic acid filtrates are not obtained with existing direct methods. 
Using the Blauch and Koch procedure (4), Bulger and Johns were able to 
recover only about half the added uric acid (5) and in our own hands 
neither it nor the Brown (1) or Folin (2) modification has yielded more 
than 82 per cent recoveries. Obviously substances present in tungstic acid 
blood filtrates inhibit color production under the conditions of the present 
direct methods and it is clear that, were it not for the additive effect of 
non-specific color formation, all uric acid values would be much lower than 
have been reported. 

Attempts to overcome these discrepancies, which limit the usefulness of 
the method even for routine work, while at the same time retaining the 
simplicity of the direct procedure, have led to the development of conditions 
permitting recovery of about 95 per cent of reasonable amounts of uric acid 
added directly to tungstic acid filtrates of human blood, improved specificity, 
and a phosphotungstic acid reagent yielding relatively low blanks. 

Solutions 

Standard uric acid. The stock 0.1 per cent solution of Koch (6) was used. 
lt keeps about a year. From it standards for use were prepared by simple 
dilution with water. In the cold, such water dilutions keep about 1 week; 
however, for intermittent use they are best prepared,fresh. A 1:400 
dilution gives a working standard equivalent to 2.5 mg. per 100 cc. of uric 
acid when equal volumes of a 1:10 tungstic acid filtrate and standard 
‘are used. 
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Urea. 50 gm. are dissolved in sufficient water to make 100 ce. The 
solution keeps well at room temperature. 

Sodium cyanide, 12 per cent solution. In the cold it rernains usable for 
about 2 weeks.' It should be brought to room temperature by immersion 
in warm water for a few minutes before use. 

Uric acid reagent. 100 gm. of sodium tungstate and 20 gm. of anhydrous 
disodium hydrogen phosphate in a liter volumetric flask are dissolved with 
the aid of heat in about 150 ec. of water. Mix 25 cc. of sulfuric acid (sp. 
gr. 1.84) with about 75 cc. of water and pour the warm solution, slowly and 
with continual shaking, into the flask. Boil gently for 1 hour, using asa 
condenser a funnel holding a 200 cc. Erlenmeyer flask partly filled with ice 
water. Cool under running tap water and dilute to the mark with distilled 
water. The heated solution acquires a light greenish yellow tint which is 
considerably reduced on cooling and largely disappears as the result of 
dilution; boiling with bromine water to decolorize is unnecessary 


Proce dure 


To 2 ec. of a 1:10 tungstic acid filtrate in a 10 cc. mixing cylinder ora 
Klett-Summerson test-tube graduated at 10 cc. are added 2 cc. each of the 
cyanide and urea solutions, followed by 1 cc. of the phosphotungstic acid 
reagent; mix after each addition by sidewise shaking. After standing 0) 
minutes at room temperature, dilute to the mark, mix, and compare ina 
colorimeter against 2 cc. of a uric acid standard similarly treated. 

For visual colorimetry, if comparison is made against a standard equiva- 
lent to 2.5 mg. per cent it is simpler to set the unknown at 25; then one- 
tenth the reading of the standard is the uric acid content of the original 
blood.? 

For photoelectric colorimetry both standard and unknown readings are 
corrected by subtracting the reading of a “blank” prepared from 2 ce. of 
water treated exactly as the unknown or standard. In this work a Klett- 
Summerson instrument was used with green Filter 54 and a distilled water 
“zero” setting. With a 2.5 mg. per cent standard 2.5/(reading of stand- 


ts of cyanide have been 
mentioned by various workers. Less attention seems to have been paid to the lack 
of keeping qualities of urea-cyanide mixtures. Such mixtures deteriorate rapidly 
even in the cold; blank values increase appreciably after about 36 hours. For this 
reason Blauch and Koch (4) use freshly prepared solutions; in the present method 


1 Variation in color-enhancing properties of differe 


the urea and cyanide solutions are added separately. 

? For uric acid values over 3.5 mg. per cent, or for instruments having large capac 
ity cups, the unknown is set at 12.5; the standard reading is then, of course, multi- 
plied by 0.2. 
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ard) (= factor’) X reading of unknown = uric acid content of original 
blood. 
EXPERIMENTAL 


Preliminary tests indicated that improved recoveries of uric acid added 
to tungstic acid filtrates as well as better proportionality between uric acid 
content and color intensity could be obtained by decreasing the amount of 
uric acid and increasing the cyanide content (within certain limits) of the 
final reaction mixture. An added advantage that accrues under such 
conditions is that the time for maximum color development is thereby 
substantially reduced. But the already excessive blanks yielded by current 
phosphotungstic acid reagents are increased with increasing cyanide con- 
centrations and a search was first made for a method of preparation that 
might produce a reagent free from this defect. 

The principal change that has been made by various investigators in the 
original Folin-Denis reagent (7) has consisted, in the main, of successive 
reductions in its phosphoric acid content (4, 2, 8) but not much reduction 
in the blank. value has thereby been realized except with the newer Folin 
reagent (8) which requires careful adjustment of its sodium tungstate con- 
tent each time it is prepared. The phosphoric acid content of this reagent 
is less than half that of the original one of Folin and Denis but a considera- 
tion of Wu’s work (9) indicates that a chromophorically active preparation 
should be possible with much less phosphoric acid. 

When an aqueous solution of sodium tungstate and disodium hydrogen 
phosphate is heated with mineral acid, with the proportions suggested by 
Bailar (10) for the preparation of H;P(W207).-XH:O, a heavy white solid 
separates from the cooled reaction mixture. This does not react with uric 
acid; the filtrate, however, is active and it was found that an increase in the 
amount of phosphate produced less of the white solid with a filtrate having 
a greater chromophoric effect. By varying the phosphate and mineral 
acid content more than twenty different reagents were prepared and tested 
to determine the proportions that would yield maximum color with uric 
acid without a marked increase in blank values. The amounts that 
seemed to meet these criteria best contain just sufficient sulfuric acid to 
change all the tungstate and phosphate to free acids, with no precipitate of 

* This factor is constant up to 6 mg. per cent (equivalent to 12 y in 2 ce. of a 1:10 
filtrate) for any given set of reagents and the standard need be run only when new 
reagents are prepared. Since the blank value increases slowly but constantly during 
the useful life of the cyanide solution, it is best to run a blank with each day’s set of 
unknowns. This also enables one to determine when a fresh cyanide solution should 


1 . . . . 
oe prepared. For either method of comparison, if the unknown value exceeds 6 mg. 
per cent, the determination should be repeated with a 1 ec. sample. 
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inert white solid appearing in the cooled reaction mixture. Increasing the 
phosphate content above 20 gm. increases the blank values with but little 
increase in color formation due to uric acid. It is interesting to note that 
while this amount of phosphate supplies less than one-fifth the phosphoric 
acid used in the original Folin-Denis reagent it is still in considerable excess 
over the theoretical requirements for the chromophorically active tungstic 
acid complex (9). However, smaller amounts of both phosphate and mip- 
eral acid produced reagents with less activity and in all subsequent work 
the reagent as outlined under “Solutions” was used. 

Within certain limits, the amount of color produced when phosphotung- 
stic acid complexes react with uric acid increases with increase in cyanide 
concentration. However, two antagonistic factors appear to operate: 
the enhancing effect of cyanide on color production is opposed by the 
destructive action of the alkali on the color formed as the amount of cyanide 
is increased, and a cyanide concentration can be reached above which there 
is a net decrease in color formation, the colors becoming unstable and fading 
to weak greenish shades in a relatively short time. But even with optimum 
amounts of cyanide, proportionality between color production and uric acid 
content is attained only when the latter is low; the amounts of uric acid 
normally present in the 5 cc. samples of 1:10 tungstic acid filtrates cus- 
tomarily taken for analysis are too large to attain this desired propor- 
tionality. 

These interrelationships were demonstrated as follows: 5 cc. portions of 
ten aqueous dilutions of the uric acid stock standard containing from 1 to 
10 y per cc. were each treated with 2 cc. of 50 per cent urea, 2 cc. of cyanide 
solution, and 1 or 2 cc. of the phosphotungstic acid reagent. Without 
further dilution readings were made at 10 minute intervals in the Klett- 
Summerson colorimeter until constant values were obtained. Cyanide 
solutions of 10, 12, 15, and 18 per cent were used with each series of uric 
acid dilutions and the same procedure was repeated with 4, 3, and 2 ec. 
portions of the uric acid dilutions. When colorimeter readings were plotted 
against uric acid concentrations, curves of constantly changing slope were 
obtained in all cases except for the runs with the 2 cc. portions of the uric 
acid dilutions. 

In Fig. 1 are plotted the colorimeter readings (corrected for blanks) 
against uric acid concentrations of five representative runs for 2 cc. samples 
with different amounts of cyanide and reagent. In these runs, readings 
were uniformly made after diluting to the indicated volumes 1 hour after 
the reagent had been added, since it had been found previously that the 
1 hour waiting period was sufficient for maximum color formation if at least 
2 ce. of 10 per cent cyanide were used, although less time is needed for 
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maximum color production with the higher cyanide concentrations. 
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these five curves are shown, since they completely illustrate the various 
interrelationships; the curves obtained from runs with larger amounts of 
uric acid merely exaggerate the results. Fig. 1 shows that (a) a straight 
line passing through the origin is obtained for values of uric acid up to about 
12 y when 2 cc. of 12 per cent cyanide and | cc. of reagent are used; (6) for 
evanide concentrations above and below this amount somewhat less color 
is obtained and proportionality is not quite as good with the antagonistic 
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Fic. 1. Color development in relation to uric acid content after 60 minutes. Ef- 
fect of variation in cyanide and reagent content. Curve A, 2 cc. of 12 per cent cya- 
nide; Curve B, 15 per cent cyanide; Curve C, 10 per cent cyanide; Curve D, 18 per cent 
cyanide, each with 1 cc. of reagent and a final volume of 10 cc. Curve E, 2 ec. of 
15 per cent cyanide plus 2 cc. of reagent in a final volume of 20 cc. The broken line 
indicates the extent and point of departure from the curve of constant slope of Curve A. 


effect of excess alkali on color formation shown by the lower color values 
obtained with 18 per cent cyanide concentrations; (c) a straight line for all 
values up to at least 20 y of uric acid was obtained when 2 cc. of reagent 
were used. 

Although proportionality of color intensity to uric acid content was best 
when 2 cc. of reagent were used, the results listed in Table I indicate that 
lower recoveries of uric acid added directly to tungstic acid filtrates were 
obtained than when a combination of 2 cc. of 12 per cent cyanide and 1 ce. 
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of reagent was used. The lower recoveries with both 10 and 15 per cent 
cyanide (with 1 cc. of reagent) seem to define the optimum cyanide eon. 
centration; apparently, increasing the cyanide content of the reaction mix. 
ture largely overcomes the color-inhibiting effect of tungstic acid filtrates 
of human blood, but 100 per cent recoveries are not obtained by increasing 
the cyanide content beyond certain limits, for then the destructive effect 
of the increased alkali on the colored complex leads to lower recoveries. 
Table I also points to the presence of larger amounts of color-inhibiting 
substances in rabbit blood filtrates, since uniformly poorer results were 
obtained with such filtrates. 


TABLE | 
Recovery of Uric Acid Added Directly to Tung Filtrat 
Uric acid Per cent recovery, with 2 cc.of 
Sample Kind of — ates tel 
N bl 

0d In original Added to 12 per cent 15 i paint eemenaia 10 per cent 

filtrate filtrate* cyanide = — cyanide 

me. per ceni mg. per cent 

Hiumat 3.36 1.0 95.5 4 OT 9] .3 

2 3.28 1.0 95.0 93.2 12.5 90.8 

; 2.02 2 0 93.2 92 0.6 91.0 

: 2.45 2.0 94.58 3.9 13.0 SS.2 

) 30 0 93.8 2 2.0 87.6 

6 1 op 2 0 94.5 92.8 9 92.0 

7 Rabbit 0.45 0 91.5 91.7 12.8 88.0 

s 0.53 3.0 91.6 2 9 3 87.5 

} 0.58 t.0 91.2 1.0 ).¢ 86.3 

10 0.65 1.0 90.8 91.4 1.4 86.6 
Additions were made with uric acid solutions of such strength that they made up 

10 per cent of the filtrates. 

+t The results in this column were obtained with 2 ec. of reagent: all others with! 


ec. of reagent 


With the optimum conditions observed above attempts were made to 
determine the effect of non-uric acid substances after the manner of Blauch 
and Koch (4). A solution was prepared containing, in mg. per cent, 
glucose 10, glutathione 4, ascorbic acid 0.2, and 0.2 each of tryptophane, 
tyrosine, cystine, and cysteine (calculated as amino nitrogen). 2 ce. por- 
tions were then treated as tungstic acid filtrates. The color intensity, 
calculated as uric acid, was equivalent to less than 0.3 mg. per cent. Ergo 
thioneine was not available for inclusion in this solution but, since it has 
been shown (11) that tungstic acid precipitates variable but large amounts 
of this blood constituent, its effect can be expected to be minimum. 

As a further test of specificity, uric acid determinations were made on 4 
series of presumably normal human and rabbit bloods before and after 





H. BROWN 607 


treatment with uricase (4). The results listed in Table II illustrate the 
small differences that were obtained; it would appear that, in the direct 
determination under the present conditions, non-uric acid color formation 
will increase the true uric acid content by less than 0.5 mg. per cent. The 
low values for rabbit bloods are also noteworthy, since direct methods 
hitherto used (1, 12) have resulted in much higher uric acid values. 

The results for normal human blood listed in Table IT have been divided 
into sex groups to illustrate the fact, apparent to us over many years of 
uric acid determinations, that lower values may be expected from blood of 
normalfemales. This is a consistent finding with any method and attention 
was called to it a few years ago by Bulger and Johns (5) and before that by 
Brdchner-Mortensen (13). 


TaBLeE II 
Uric Acid Content of Human and Rabbit Blood by New Procedure and after 
Uricase Treatment 


Range of uric acid 











No. of samples Kind of blood Sex : St ee 
New method Removed by uricase 
mg. per cent } mg. per cent 
12 Human M. 2.22-3.45 2.05-3.10 
17 ” FP. 1.88-2.90 1.75-2.45 


9 Rabbit 0.35-0.90 0.20-0.55 


DISCUSSION 


Since, in no instance, has 100 per cent of the uric acid added to tungstic 
acid filtrates been recovered, it is evident that the use of optimum amounts 
of cyanide in the reaction mixtures, while improving recoveries, does not 
completely overcome the color-inhibiting effect of substances in such fil- 
trates. Nevertheless, it would appear that under the conditions described 
above about 95 per cent of the uric acid present in human blood filtrates 
will be.determined with a minimum of interference from non-uric acid 
reactants. 

No attempt has been made to determine the amount that can be recov- 
ered by this method when uric acid is added directly to whole blood or 
plasma, since it has been shown that uric acid is consistently lost by protein 
precipitation. The extent of such losses appears to depend upon whether 
whole blood or plasma is used (5) and perhaps on the manner of protein 
precipitation; such losses are, of course, independent of the method of 
determination. 

It is noteworthy that the normal values for human blood obtained by 
this direct method correspond well to those found by the older Folin 








608 DETERMINATION OF URIC ACID IN BLOOD 


isolation procedure (14) and considerable experience indicates that upper 
normal values do not exceed 3.5 mg. per cent. 


SUMMARY 


A new method of preparation of a phosphotungstic acid reagent suitable 
for use in uric acid determinations has been described. [It incorporates legs 
phosphorus and yields lower blanks. 

An examination of the defects inherent in the direct determination of 
blood uric acid has led to the development of conditions, with the use of this 
reagent, which permit good recoveries of uric acid added directly to tungstic 
acid filtrates, strict proportionality between color intensity and uric acid 
content, and increased specificity. 

Normal values for whole blood under these conditions do not exceed 3.5 


mg. per cent. 
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Recent work in this laboratory has shown that the thermal stability of 
human serum albumin solutions, as measured nephelometrically and by the 
cloud point method (1), is increased by additions of salts of the lower fatty 
acids (1, 2). These results engendered an interest in other methods of 
measuring changes which may occur when the protein solutions are heated 
with or without added stabilizing agents. 

Considerable work has been done (3-7) which demonstrates clearly 
that proteolytic enzymes hydrolyze denatured protein more rapidly than 
the corresponding native protein. Hence, it was thought that enzymatic 
studies might yield additional information about the state of the protein 
in heated solutions. Papain was chosen for the present study because it 
shows a marked difference in the rate of digestion of native and denatured 
protein (6), is stable to urea in high concentrations (6), and has a pH 
optimum which coincides with the pH optimum for thermal stability of 
human serum albumin. 

The results of studies on the papain digestion of serum albumin de- 
natured either by urea or heat, and with or without added stabilizers, are 


presented herein. 
EXPERIMENTAL 


Clear solutions of activated papain, prepared by the method of Anson 
(8), were used. It was found that solutions of constant and reproducible 
activity could be readily prepared by this method from Merck’s papain. 

The substrate used was human serum albumin as prepared for the armed 
forces by the Plasma Fractionation Laboratory of Harvard University. 
Aqueous stock solutions containing 25 gm. per cent of albumin were 
prepared as previously described (1). Irrespective of the protein or urea 
concentration in the heated or urea-denatured solutions, all solutions 
were diluted so as to contain 2 gm. per cent of protein and 0.01 m phosphate 


buffer, pH 7.3, prior to digestion by papain. To 5.0 ml. of the 2 gm. per 


cent albumin solution in a test-tube was added 1.0 ml. of the enzyme so- 
lution, the contents were rapidly mixed, and the sample was incubated at 
609 
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| ted Che course of digestion was followed as de scribed by Anson (8), 
with the Folin-Ciocalteu (9) phenol reagent for the colorimetric deterni- 
nation of the concentration of “apparent” tyrosine liberated. Readings 
were made with a Beckman spectrophotometer or a Klett-Summerson 
photoelectric colorimeter and converted to tyrosine equivalents by use of g 
standard tyrosine curve. All values were corrected for the blank or initia] 
tyrosine value at zero time. 


The sodium salts of the various fatty acids used in this work were pre- 


pared by neutralization of the corresponding acids 


RESULTS AND DISCUSSION 

Urea Denaturation of Serum Albumin—In the first experiments the effect 
of denaturation by various concentrations of urea upon the rate of digestion 
of serum albumin was investigated. Solutions containing 2 gm. per cent 
of albumin were incubated for 24 hours with various concentrations of 
urea, and the rate of papain digestion was then determined as described 
above, with an undiluted 5.0 ml. aliquot. Preliminary experiments in- 
dicated that a digestion time of 5 minutes was satisfactory for comparison 
of the relative digestion rates. The results are presented in Fig. 1. This 
curve is similar to that obtained by Lineweaver and Hoover (6) with 
hemoglobin. It is apparent that for both human serum albumin and 
hemoglobin the maximum rate of proteolysis is produced by 6 M urea. The 
rate of digestion of albumin denatured by 6 mM urea was assumed to be the 
rate characteristic of completely denatured albumin. 

Variation of the protein concentration in the urea-protein solutions did 
not affect the proportion of protein denatured; samples incubated in 4 
urea with protein concentrations of 2 to 6 gm. per cent! showed no difference 
in the rate of digestion by papain after dilution to the same protein con- 
centration of 2 per cent. 

In all of the aforementioned experiments urea was present in high con- 
centration during the papain digestion period. Control experiments dem- 
onstrated clearly that the urea itself had no adverse effect upon the 
action of papain. If the urea were removed by dialysis after the m- 
cubation period, the albumin underwent ‘‘regeneration” (4), and the rate 
of proteolysis was markedly decreased (Fig. 2). Similar results have 
been obtained in studies on tryptic hydrolysis of horse serum albumin 
and globulin (4). 

Heat Denaturation of Serum Albumin—In the second group of experiments 
the papain digestion of heat-denatured human serum albumin was i 

' Relatively high concentrations of albumin in urea could not be used. For et 
ample, an 11 per cent solution of albumin in 4 m urea passed into a gel in less than 4 


burs at room temperature 
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vestigated. The results are given in Fig. 2. Although an increase in the 
rate of proteolysis could be obtained by heat treatment,’ the maximum rate 
obtainable by heat denaturation was far less than that resulting from urea 
denaturation. In contrast, heat denaturation of hemoglobin has been 
reported to give a product which was attacked by papain about as readily 
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UREA CONCENTRATION IN MOLES 


Fic. 1. The effect of urea concentration on the papain digestion of human serum 
albumin. The ordinate represents the milliequivalents of tyrosine in a 5.0 m) 
aliquot of the filtrate from a mixture of 6.0 ml. of substrate and enzyme, and 
10.0 ml. of 0.3 N trichloroacetic acid. 


as urea-denatured hemoglobin (6). It is of interest that 25 gm. per cent 
solutions of albumin heated until they show a ‘cloud point” (1) do not 
show an increased rate of enzyme digestion. This indicates that in con- 


* “Heat treatment,”’ as used in the present paper, is defined as the heating of 
aqueous solutions of the protein under specified conditions of pH, salt content, pro- 
tein concentration, temperature, and time. 








612 PAPAIN DIGESTION OF SERUM ALBUMIN 


centrated solutions only a small amount of albumin need undergo change 


for cloud formation to occur. 
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TIME OF DIGESTION IN MINUTES 








Fic. 2. Papain digestion of heat-coagulated human serum albumin (for comparison 
the digestion curves of native, urea-denatured, and regenerated serum albumin are 
included). Experiment 1 represents 2 gm. per cent albumin solution, pH 7.4, 0.01 
phosphate, stored in 6 m urea for 24 hours. Experiment 2, 25 gm. per cent albumin 
solution, pH 6.8, 0.15m NaCl, heated at 100° for 3 minutes; coagulum then homogen- 
ized and diluted to 2 per cent protein for papain digestion. Experiment 3, 2 gm. per 
cent redispersed serum albumin, pH 7.0; heat-coagulated albumin (100°) from Experi- 
ment 2 redispersed by adding 0.1 n NaOH until dissolved, then adjusted with 0.15 
HCl to pH 7.0 (slightly turbid solution). Experiment 4, 1 gm. per cent regenerated 
serum albumin, pH 7.3; regenerated albumin prepared from urea-denatured product 
by dialyzing away the urea, heating the product at 40° for 15 minutes, and filtering. 
Experiment 5, 2 gm. per cent albumin, pH 7.3, 0.01 m phosphate. Experiment 6,3 
gm. per cent albumin solution, pH 7.0, 0.15 m NaCl, heated 2 minutes at 69° until 
heavily clouded; then diluted to 2 per cent protein for papain digestion. 


Effect of Sodium Caprylate on Results of Heat Treatment—Sodium cap 
J J pr) . 
rylate was chosen for these studies because the degree of stabilization 


os ah & eae 


—~ wy 


Be 


RICE, BALLOU, BOYER, LUCK, AND LUM 613 


produced by fatty acids has been shown to increase with chain length up to 
caprylate, and caprylate in low concentrations has been found to be a 
satisfactory stabilizer for concentrated albumin solutions.’ 

{ gm. per cent solutions of serum albumin were heated for periods up to 
97 minutes (2 hours in one case) at temperatures of 62°, 70°, and 78° with 
and without addition of 0.010 m sodium caprylate. Following heating 
and dilution to a protein concentration of 2 gm. per cent, the samples were 
digested with papain for 10 minutes, as in the preceding experiments. 
The purpose of the caprylate additions was to determine whether de- 
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Fie.3. Papain digestion of heat-treated human serum albumin (10 minute digestion 
period). Experiment 1, no caprylate, heated at 70°. Experiment 2, heated at 70°; 
caprylate (0.01 m) added to cooled solution after heating; sample became turbid after 
7 minutes heating. Experiment 3, no caprylate, heated at 78°; sample became turbid 
after 2 minutes heating. Experiment 4, 0.01 m caprylate, heated at 78°; sample 
remained clear and limpid. Experiment 5, no caprylate, heated at 62°; sample 
remained clear and limpid. Experiment 6, 0.01 m caprylate, heated at 70°; sample 
remained clear and limpid. All samples contained 4 gm. per cent of albumin and 0.15 
a NaCl, and were at pH 6.8. The values for tyrosine liberated are the difference 
between a control sample (not heat-treated) and the heat-treated solutions. 


naturation, as measured by enzyme digestion rate, was decreased in the 
presence of caprylate. The results given in Fig..3 show that solutions 
heated in the absence of caprylate were rapidly digested by papain as 
contrasted to the low digestion rate of the samples containing caprylate. 
The caprylate-stabilized protein displayed the same resistance to digestion 
by papain as albumin heated to a more moderate temperature in the 
absence of a stabilizer. The maxima in the uppermost curves roughly 


* Boyer, P. D., Lum, F. G., Ballou, G. A., and Luck, J. M., unpublished data. 
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coincide with the times when the solutions in question became opaque 
and aggregation was noticeably apparent. The lower curves, not showing 
maxima, remained clear throughout the period of heat treatment. In the 
case of the former it may be inferred that coagulation, associated as it 
would be with decrease of surface area per unit mass, would at least tend to 
reduce the rate of digestion by papain. Experiments with human serum 
y-globulin, which is more heat-labile than albumin, did not show a eor- 
responding correlation between the appearance of the heated solutions and 
the ease of their hydrolysis by papain. 

Experiments strictly comparable to the above with 25 gm. per cent 
solutions of human serum albumin were not feasible because such solutions 
gelled before showing any definite increase in susceptibility to enzyme 
hydrolysis. Solutions containing 25 gm. per cent albumin and 0.025 x 
caprylate which were heated for several minutes at 70°, as well as other 
samples which were maintained for upwards of 50 days at 57°, showed a 
rate of digestion by papain (after dilution to 2 gm. per cent) equal to that 
of unheated native serum albumin. Thus caprylate additions maintained 
these concentrated solutions in a native state as measured by susceptibility 
to enzyme digestion. In contrast, solutions without added caprylat 
readily formed opaque, solid gels under these conditions. 

Addition of caprylate after heating the albumin reduced slightly but 
significantly the rate of digestion by papain (Experiment 6, Fig. 3 
This effect is further discussed in a later section of this paper 

Experiments with Other Stabilizers—Solutions of 25 gm. per cent albumin 
in the presence of other organic salts which have been shown to stabilize 
the albumin (1, 2), were similar in their behavior to solutions containing 
caprylate. At 70°, a temperature that requires only a few minutes to 
coagulate 25 gm. per cent solutions of human serum albumin without added 
stabilizing agents, 0.3 m concentrations of sodium butyrate, sodium phenyl 
acetate, sodium pheny! butyrate, and sodium mandelate, as well as 0.01 to 
0.10 mM concentrations of sodium caprylate, appeared to protect such s0- 
lutions from the changes which otherwise occurred at that temperature. 
The papain digestion rates at 31° for such preparations, after the incubation 
at 70° for 25 minutes, were of the order of magnitude for native material. 
Storage of 25 gm. per cent serum albumin solutions containing 0.3 m sodium 
chloride or 0.15 m sodium chloride plus 0.15 mM sodium butyrate at 50° for 
nearly 6 months, resulted in little effect on the rate of digestion by papail 
as subsequently determined. 

Effect of Certain Organic Salts on Urea Denaturation of Serum Albumur 
Upon further investigation of the urea denaturation of human serum 4l- 
bumin it was found that serum albumin, denatured in 6 m urea plus 0.02 ™ 
caprylate, showed a rate of digestion by papain but little higher than that 
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for native material. However, if the caprylate were added at the end of 
the 24 hour period used for the urea denaturation instead of simultaneously 
with the urea, the rate of enzyme digestion was very high, although still 
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TIME OF DIGESTION IN MINUTES 


Fig. 4. Urea denaturation of human serum albumin; effect of stabilizers. Experi- 
ment 1, stored 24 hours in6 mM urea. Experiment 2, stored 24 hours in 6 m‘urea; subse- 
quent adjustment to 0.020 m phenyl butyrate. Experiment 3, stored 24 hours in 6 m 
urea; subsequent adjustment to 0.020 m caprylate. Experiment 4, stored 24 hours in 
6M urea, 0.020 m sodium pheny! butyrate (urea and pheny! butyrate added simultane- 
ously). Experiment 5, stored 24 hours in 6 mM urea, 0.020 m sodium caprylate (urea 
and caprylate added simultaneously). Experiment 6, control; no urea treatment. 
All solutions contained 2 gm. per cent of human serum albumin and 0.01 m phosphate 
buffer; the pH was 7.4. 


lower than that usually observed for 2 gm. per cent albumin denatured by 
OMurea. This experiment was repeated with the use of the other members 
of the series of organic anions studied and similar results were obtained for 
phenyl butyrate (see Fig. 4). Phenyl acetate, butyrate, and chloride 
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showed little effect, if any, on the urea denaturation of serum albumin, 
Preliminary tests on ovalbumin have indicated that the addition of cap- 
rylate had little effect on the course of its denaturation by 6 M urea. 

The presence of caprylate has also been found to prevent the Viscosity 
increase which otherwise occurs when albumin is denatured by urea! 
Solutions containing 2 gm. per cent of albumin in 6 M urea had a relative 
viscosity indicative of an extended albumin molecule. In contrast, jf 
0.02 m caprylate were added before addition of the albumin, the resulting 
viscosity increase was considerably less and was of the magnitude which 
would be expected if the protein remained in a native state. Further 
experiments are planned on the study of the prevention of urea denaturation 
by lower fatty acids and related compounds. 

The apparent protection of human serum albumin from heat or urea 
denaturation by low concentrations of caprylate is difficult to explain 
because the mechanism of denaturation is little understood. In the ex- 
periments with urea the relative number of molecules of urea, caprylate, 
and protein present was 21,000, 70, and 1, respectively. Thus it is apparent 
that the caprylate must exert its effect on the protein and not on the urea. 

The increased susceptibility of denatured protein to proteolysis has been 
attributed to an extended configuration and to the exposure of more 
chemically reactive groups (4, 6), which renders the substrate more ae- 
cessible to the enzyme. On the basis of the data presented in this paper 
it is probable that the addition of caprylate, or other compounds with 4 
similar action, to albumin solutions prevents the liberation of active groups 
or extension of the molecule by heat or urea. Whether the mechanism ol 
the action of caprylate in protecting serum albumin against heat dena- 
turation and against urea denaturation is the same is not known, although 
these results do suggest a similarity in the action of heat and of urea. 
Studies on the nature of the association between caprylate and albumin 
are now in progress and may help elucidate the mechanism of the effect of 
caprylate. Incidentally, the evidence now presented requires us to modify 
our earlier hypothesis (1, 2) which suggested that the albumin molecule 
in its denatured, rather than its native, form associates with the stabilizer. 

The small but significant reduction in the rate of papain digestion o 
urea-denatured or heat-denatured albumin brought about by the sub- 
sequent addition of eaprylate or phenyl butyrate (Figs. 3, 4) may be due to 
steric or competitive inhibition effectuated through association of the 
stabilizer with the denatured molecule, or inhibition through association 
of the caprylate with the papain. The possibility that the caprylate may 
effect a partial return of the albumin to the native state also warrants 


consideration. 
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SUMMARY 


The rate of papain digestion, of human serum albumin denatured by 
urea or heat in the presence or absence of added stabilizing agents, has 
been studied. These experiments have yielded the following results: 

1. Urea denaturation markedly increased the rate of papain digestion. 
Removal of the urea from the solution of urea-treated protein lowered the 
digestion rate nearly to the original level. 

2. Heat treatment of albumin solutions, although resulting in an in- 
creased digestion rate, was far less effective than urea denaturation. 

3. Additions of low concentrations of sodium caprylate or other similar 
stabilizing agents prevented the effects of heat treatment on susceptibility 
to digestion by papain. 

}. Addition of caprylate simultaneously with urea apparently pre- 
vented the urea denaturation of the albumin as measured by enzyme sus- 
ceptibility and viscosity increase. 


This work was done under a contract, recommended by the Committee 
on Medieal Research, between the Office of Scientific Research and De- 
velopment and Stanford University. 

We are indebted to Professor E. J. Cohn and to the Plasma Fractionation 
Laboratory of Harvard University for the albumin used in these studies, 
and to Dr. C. F. H. Allen of the Eastman Kodak Company, and Professor 
L. F. Fieser of Harvard University for the y-phenylbutyriec acid used in 
the present and preceding studies. 
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Snell. Guirard, and Williams (1) in 1942 showed that a metabolite of 
pyridoxine which they termed ‘‘pseudopyridoxine” was excreted in the 
We have shown that this “pseudopyridoxine”’ occurs in»sweat as 


urine. 
2). ‘‘Pseudopyridoxine”’ was found to be inactive for the 


well as in urine 
yeast, Saccharomyces carlsbergensis, used in the Atkin, Schultz, Williams, 
and Frey (3) assay method for pyridoxine, thus making it possible to 
It has been 





determine pyridoxine in the presence of pseudopyridoxine. 
| shown (2, 4) that Streptococcus lactis R and Lactobacillus casei respond to 
| pseudopyridoxine but not to pyridoxine, making possible a microbiological 
|  pseudopyridoxine assay, once a standard became available. In 1944 
| Harris, Heyl, and Folkers (5) synthesized “‘pyridoxal’”’ and ‘‘pyridoxamine”’ 

from pyridoxine. Snell (6) showed that both of these compounds were ae- 
tive for the growth of Streptococcus lactis and that pyridoxgl was active 
| for the growth of Lactobacillus casei. Pyridoxal, therefore, appeared to 
be a better standard for pseudopyridoxine assay. This does not nec- 
essarily infer that pyridoxal is identical with pseudopyridoxine. 

Huff and Perlzweig (7, 8) described, isolated, and characterized a third 
metabolite of pyridoxine, ‘4-pyridoxic acid’? (2-methyl-3-hydroxy-4- 
carboxy-5-hydroxymethylpyridine). The existence of this compound in 
human urine had been indicated by Singal and Sydenstricker (9) in 1941. 
A fluorometric method for the determination of this metabolite has been 
described by Huff and Perlaweig (8). 

In this paper we wish to report the excretion of pyridoxine, pseudopyri- 
doxine (as pyridoxal), and 4-pyridoxic acid in the sweat and urine of young 





men maintained in a “hot moist’”’ environment on a “‘normal”’ diet with and 


| without added pyridoxine. 
, EXPERIMENTAL 


Four adult male subjects, age 21 to 28 years, were maintained for 8 hours 

per day under hot moist conditions for 5 days each week. The temperature 

* The work described in this paper was done under a contract, recommended by 

the Committee on Medical Research, between the Office of Scientific Research and 
Development and the University of Ilinois. 
619 


ya fae iny 


FN ans 8 mtg 


pe 


eine 


at 
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of the experimental chamber was 37.8° and the relative humidity 70 per 


cent. The subjects were kept on a constant diet throughout the experi- 
ment. During Period II the diet was supplemented with 8 mg. of pyridox- 


ine per day. 
TABLE I 


Average Daily Excretion of Pyridoxine and Iis Metabolites 


— SN ee 


“Pseudopyri- 











Period No. Subject Pyridoxine doxine”’ a Total 
| (pyridoxal) — 
‘ | meg on x mE =e er 
I. Nodosage. Urine, C | 0.114 | 0.192 ?. 830 3.14 
per 24 hrs. D | 0.187 | 0.375 3.022 3.58 
E | 0.118 0.236 3.297 3.65 
| F | 0.131 0.181 | 3. 367 3.68 
7 a = a Se -|- a = 
Average. ..| 0.188 | 0.246 3.130 3.51 
% of total. 3.9 6.8 89.3 100 
I. Skin excretion, ( | 0.00 0.030 | 0.155 0.185 
per 8 hrs. | D | 0.00 0.030 | 0.193 0.222 
| E | 0.00 0.032 j; 0.257 0.288 
te. | 0.00 0.035 | 0.189 0.224 
Average. 0.00 0.031 | 0.198 0.230 
% of total. | O 13.6 | 86.4 100 
————EEEE ———— - | — a — = 
. are . 
II. Dosage, 8 mg.| ( 0.354 0.460 | 7.540 8.35 
pyridoxine per | D 0.243 0.979 | 8.162 9.38 
day. Urine,| E 0.409 | 0.716 6.220 7.34 
per 24 hrs. F | 0.445 0.443 4.932 5.82 
Average. | 0.363 0.650 | 6.713 7.72 
&% of total. 4.6 8.4 87 100 
_ - - —| ——— _—— — — 
Il. Skin excretion, ( 0.0044 | 0.023 0.228 0.255 
per 8 hrs. D 0.0063 | 0.110 0.241 0.358 
E 0.0075 | 0.026 0.319 0.352 
F 0.0077 | 0.039 0.253 0.299 
Average. 0.0065 0.049 0.260 0.316 
% of total. 2.1 15.5 82.4 100 








Complete 8 hour skin excretion collections and 24 hour urinary collections 
were made. The daily collections were composited for each 5 day experi- 
mental period. At the end of each experimental period, a 4 hour collection 
of undiluted sweat was made under the same environmental conditions. 

The sweat and urine were analyzed for pyridoxine with a slight modifica- 
tion of the Saccharomyces carlsbergensis method of Atkin, Schultz, Williams, 
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and Frey (3). Pseudopyridoxine was determined with Streptococcus 
lactis R with the medium of Luckey, Briggs, and Elvehjem (10) for folic 
acid assay with the omission of pyridoxine and the addition of 80 y of folic 
acid concentrate’ and 10 ce. of Salts B (11). Pyridoxal* was used as a 
standard for this determination. 4-Pyridoxic acid* was determined by the 
fluorometric lactone method of Huff and Perlzweig (8). 

The average daily excretion in the urine and through the skin of each of 
these three metabolites for the two experimental periods is given in Table I. 

From Table I it is apparent that 4-pyridoxie acid is quantitatively the 
most important metabolite excreted, amounting to over 80 per cent of the 


TaBLeE II 
Concentration of Pyridoxine and Its Metabolites in Sweat 








“Pseudopyri- | 











Post period No. Subject Pyridoxine (anidexs!) was oy | Total 
_ | oh a ie ee ae 
I. No dosage + 0.00055 

D 0.00170 | 0.0825 
1D 0.00042 0.0043 
Fr 0.00068 | 0.0105 | 
Average... .. 0.00084 | 0.0324 | | 
a = ee | yt -B a a 
II. Dosage, 8 mg.| C 0.00049 | 0.0168 | 0.054 | 0.071 
pyridoxine per D 0.0033 0.0145 | 0.048 | 0.066 
day EK 0.0016 | 0.0063 | 0.052 0.060 
| F 0.0017 0.0090 0.055 | 0.066 
Average. ' ....-| 0.0018 | 0.0117 | 0.052 | 0.066 
% of total.. +: ee ae i; aa | 79.4 100 











total pyridoxine and metabolite excretion. The daily excretion values 
for Period I seem high. However, these subjects had been receiving 2 
mg. of pyridoxine daily in addition to their normal diet for several months 
prior to this experiment. 

The sensitivity of the method for pyridoxine is such that the skin excre- 
tion for Period I may amount to 2 to 3 per cent of the total rather than 


zero. 
In Table II are given the concentration data obtained on undiluted 


1 Dr. R. J. Williams, University of Texas, very kindly supplied the ‘‘folic acid’”’ 
concentrate. 

* Pyridoxal and pyridoxamine were generously supplied by Dr. Karl Folkers of 
Merek and Company, Inc., Rahway, New Jersey. 

* 4-Pyridoxie acid was very kindly supplied by Dr. W. A. Perlzweig of Duke Uni- 


versity. 
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sweat of the four subjects. These samples were collected during the 4 
hour periods on the day following the conclusion of each experimental 
period. 

The data in Table II indicate that the concentration ratio of the metab- 


olites in sweat is about the same as in urine. 


DISCUSSION 


The average daily excretion value of pyridoxine and its metabolites 
under a continuous ‘hot moist’”’ environment was 3.51 mg. in the urine, 
plus 0.69 (3 X 0.23 to convert from an 8 hour to a 24 hours basis)‘ through 
the skin, during Period I with no dosage. Thus 16.5 per cent of the pyri- 
doxine plus metabolites was excreted through the skin. Similarly, for 
Period IT, during which the diet was supplemented with 8 mg. of pyridoxine 
daily, the average total daily excretion was 8.67 mg., 11 per cent of this 
excretion occurring through the skin. While this 11 to 16.5 per cent exere- 
tion through the skin is a relatively small proportion of the total excretion, 
it cannot be definitely concluded that sweating conditions do not affect 
the pyridoxine requirement. 

With the addition of 8 mg. of pyridoxine per day to the normal diet, the 
average increase in total excretion was 4.3 mg. or a 54 per cent recovery of 
the added pyridoxine. Of this increase, 5.5 per cent occurred as pyridoxine, 
9.5 per cent as pseudopyridoxine, and 85 per cent as 4-pyridoxic acid, 
indicating that the added pyridoxine was metabolized in a similar manner 
to the pyridoxine present in the food. 

Snell has shown (6) that pyridoxal and pyridoxine are approximately 
equally active for Saccharomyces carlsbergensis. ‘Therefore, in order for 
pyridoxal and the pseudopyridoxine found in urine to be the same com- 
pound, the pyridoxine values would have to be higher in all cases than the 
pseudopyridoxine values obtained with Streptococcus lactis. In the work 
reported in this paper the pseudopyridoxine values were always consider- 
ably higher than the pyridoxine values. If, then, pyridoxal is not the 
same compound as pseudopyridoxine, the assumption that they are equally 
active for Streptococcus lactis may be possibly incorrect. Gunsalus, Bel- 
lamy, and Umbreit (12) have shown that a phosphorylated derivative of 
pyridoxal acts as the coenzyme of tyrosine decarboxylase. It may be that 
urinary pseudopyridoxine is such a conjugate of pyridoxal and is inactive 
for yeasts but retains its activity toward bacteria. 

One of the questions arising from this study is the functional form of 


pyridoxine in the body. Scott et al. (13) have shown that the lactone of 


‘ These would be maximal excretion values since they presuppose that there is no 
compensatory relationship between urinary excretion and skin excretion. Other 
work has indicated that this relationship frequently does exist. 
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“5-pyridoxie acid”’ (a-pyracin) is active in preventing anemia in the chick. 
From the work reported here it would appear that some oxidation product 
of pyridoxine is possibly the active form in the body. Further work must 
be done to determine whether the final completely oxidized compound 
excreted in such large amounts is the functional form in the body or rather 
the final end-product of metabolism. 


SUMMARY 


1. Astudy was made of the excretion of pyridoxine, pseudopyridoxine 
(as pyridoxal), and 4-pyridoxic acid in the urine and sweat of four men 
subjected to a hot moist environment. 

2. Over 85 per cent of the total pyridoxine and metabolites excreted 
in the urine was in the form of 4-pyridoxic acid, 4 to 4.5 per cent was pyri- 
doxine, and 7 to 8 per cent was pseudopyridoxine. 

3. The percentage distribution of these three compounds in sweat was 
similar to that in urine. 

4. The total amount of pyridoxine and its metabolites present in sweat 
appears to be too small to have any significant influence on the pyridoxine 
requirement of persons subjected toan environment inducing profuse sweat- 
ing throughout the day. 

5. When 8 mg. of pyridoxine per day were given orally, an average of 
over 50 per cent of the pyridoxine was recovered in the sweat and urine as 
pyridoxine and its metabolites. 
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The amounts of nutrients contained in the adult human body represent 
the integration of the day to day accretions from the time of conception 
to the termination of growth. These accretions are usually determined 
by balance experiments carried out at different periods of growth and are 
assumed to measure the net requirements of the respective nutrients with 
due consideration of the synthesis and transformation of organic nutrients 
in metabolism. Thus, the accretion of fat does not measure a fat require- 
ment, but the accretion of protein and of the essential mineral elements may. 
Whether it does, or whether it does not, will depend upon the capacity of 
the body to store the nutrient in amounts considerably greater than current 
needs. The capacity of the body to store protein is strictly limited; so 
that nitrogen balances secured on a growing child after a reasonable period 
of adjustment to a liberal intake will measure reasonably well the amount 
needed for maximum growth in terms of net protein. The capacity of the 
body to store calcium is relatively enormous, far in excess cf the needs of 
the soft tissues of the body and quite probably in excess of the need for a 
rigid and strong skeletal structure. Calcium balances on the child sub- 
sisting upon a liberal calcium intake may or may not measure the day to 
day need for net calcium, depending upon the degree of saturation of the 
skeleton in calcium salts, a condition that may vary with metabolic factors 
as well as with the food supply. 

The extent to which metabolic balances of nitrogen, calcium, iron, etc., 
actually measure the day to day requirements in terms of net nutrients’ 
can be judged by comparing their total integration throughout growth with 
the composition of the mature body with respect to them. However, in- 
formation on the composition of the adult human body is strangely con- 
tradictory and incomplete. 

The situation may be illustrated by the information on the content 


* The authors gratefully acknowledge the assistance to this investigation of funds 
donated by the Graduate School of the University of Illinois. 

' By net protein, net calcium, etc., is meant the dietary supply minus all the losses 
to which the respective nutrient is subjected in the course of digestion, absorption, 
and assimilation as tissue constituents. 
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of calcium and phosphorus. The calcium and phosphorus contents of the 
adult human body have been variously estimated, often from undisclosed 
sources. Aron in 1908 (1) stated that adult man contains 4 per cent of 
ash, of which 40 per cent is CaO, the calcium content thus being 1.14 per 
cent. In 1919, Hackh (2) estimated the calcium and phosphorus contents 
of man at 1.90 and 0.95 per cent, respectively. 4 years later, Vernadsky 
(3) presented estimates of 1.4 per cent of calcium and 0.8 per cent of phos- 
phorus, based on Volkmann’s data published in 1874 and cited by Carl 
Voit in Hermann’s ‘“‘Handbuch der Physiologie,’ Leipzig, 1881. In a 
paper published in the following year, Vernadsky (4) cited some figures of 
Bertrand, reported in 1920; 7.e., 1.38 per cent of calcium and 0.63 per cent of 
phosphorus. Gilbert and Posternak (5) state that the body of average 
adults contains about 1600 gm. of phosphoric acid, equivalent for a 70 
kilo man to a phosphorus content of 1.0 per cent. From data secured from 
a rather complete collection of Ceylonese skeletons, Nicholls and Nimala- 
suriya (6) estimate the average calcium content of the adult male of Ceylon 
as 1.65 per cent and of the adult female, 1.52 per cent. Less direct calcula- 
tions for the adult European led to values of 1.84 per cent calcium for the 
male and 1.34 per cent for the female. Leitch (7), on the basis of assump- 
tions that seem none too probable, has calculated that the adult human 
body contains 36 gm. of calcium per kilo, or 3.6 per cent. From the 
fragmentary evidence available in the literature, Mitchell and Curzon (8) 
estimated the calcium content of man at 1.5 per cent, and at about the 
same time Shohl (9) presented an estimate of 1.66 per cent calcium and 
0.96 per cent phosphorus. 

Reflecting the confusion prevailing in the literature concerning the 
mineral content of the adult human body, Sherman, in his classical work, 
“Chemistry of food and nutrition,”’ has estimated the calcium content at 
2 per cent in the Ist and 2nd editions, 1.5 per cent in the 3rd, 4th, and 5th 
editions, and 2.2 per cent in the 6th and last edition published in 141. 
The phosphorus content is set at 1.0 per cent up to the last edition, when 
it was raised to 1.2 per cent. 

The scientific importance of information on the chemical composition of 
the adult human body and the wholly unsatisfactory character of that 
available prompted the authors to undertake the investigation reported 
in this paper. The plan involves the analysis of a number of human cadav- 
ers in the age range of 20 to 50 years and in satisfactory nutritive condi- 
tion. Since such specimens are not readily available, publication of the 
results obtained on single specimens seems warranted. 


Methods and Materials 


The cadaver was obtained through the courtesy of Dr. Otto Kampmeier 
of the Department of Anatomy, College of Medicine, University ot Illinois, 
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to whom grateful acknowledgment is made. It was that of a white man 
35 years of age, 70.55 kilos in weight, and 183 em. tall. Other measure- 
ments taken were the following: stem length (sitting height) 99.8 cm., 
shoulder (biacromial) width 35.3 cm., chest circumference at the level of 
the upper part of the xiphoid process 87.2 cm., and greatest distance be- 
tween iliac crests 30.4 cm. 

Death was due to an acute heart attack (decompensation or failure); 
postmortem examination performed by Dr. A. R. Cooper of the Department 
of Anatomy revealed passive congestion of both lungs, especially the lower 
lobes, and a moderately enlarged heart, showing evidence of chronic mitral 
valvulitis with mitral insufficiency or incompetency. ‘‘There were also 
a few small atheromatous white nodules in the lining of the first (ascending) 
part of the aorta, but the heart muscle showed no nodules. The twelfth 
rib on each side was only about 3 em. in length, and the costal border was 
formed by the 9th ribs instead of the 10th.”’ No other pathology or ab- 
normality was noted. 

Under the supervision of Dr. Cooper, the cadaver* was dissected into 
the various organs and tissues upon which separate weights and chemical 
analyses were desired. No attempt was made to remove all of the residual 
blood from the organs, although as much was removed as could be done by 
manual manipulation. The ulna, tibia, and ninth rib from the left side 
were analyzed separately from the other bones. 

The samples were analyzed for moisture, nitrogen, ether extract, ash, 
phosphorus, and calcium by the official methods of the Association of 
Official Agricultural Chemists, except that in some of the soft tissues 
calcium was determined by a modification of the ceric sulfate method of 
Larson and Greenberg (10). The heats of combustion of all samples 
but the teeth were determined with the Parr adiabatic oxygen bomb 


calorimeter. 
EXPERIMENTAL 

Table I contains the values secured on the chemical composition of the 
organs and tissues analyzed, together with the relative weights of each with 
reference to the total body. The last row of figures relates to the composi- 
tion of the entire body, which contained 67.85 per cent moisture, 12.51 
per cent ether extract, 14.39 per cent protein (N xX 6.25), 4.84 per cent 
ash, 1.596 per cent calcium, 0.771 per cent phosphorus, and a heat of com- 
bustion equivalent to 1.93 kilocalories per gm. Only 0.41 per cent is un- 
accounted for. 

The skeleton, making up 14.84 per cent of the body weight, contains 30.1 
per cent of the dry matter, 19.5 per cent of the fat, 18.6 per cent of the 

*The body was preserved only by freezing until dissection was started about 6 
weeks after death. 
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protein, and, with the teeth, 85.7 per cent of the ash, 99.0 per cent of the 
calcium, and 90.0 per cent of the phosphorus. The striated muscles con- 
stituted 31.56 per cent of the body weight, and contained 38.8 per cent of 
its water, 19.2 per cent of its dry matter, 8.1 per cent of its fat, 34.6 per cent 


TABLE | 


Chemical Composition of Adult Human Body 


Chemical composition 


Per 





Parts analyzed sr mm” Crude ' 7 
body | Water La! ON Ash Calcium oa bustion 
per cent | per cent |per cent |per ceni | per cent |Per cent aaa 
Skin 7.81/64.68 | 13.00) 22.19} 0.68) 0.0205] 0.060! 2.292 
Skeleton 14.84/31.81 | 17.18) 18.93) 28.91/11.02 | 4.83 | 2.497 
Teeth 0.06} 5.00* 23* | 70.90/24.42 /11.81 
Striated muscle 31.56/79 .52 3.35) 16.50) 0.93) 0.0099) 0.116 1.239 
Brain, spinal cord, and nerve | 
trunks. . 2.52\73.33 | 12.68] 12.05) 1.37) 0.0188) 0.352) 1.905 
Liver 3.41/71.46 | 10.35) 16.19} 0.88] 0.0102] 0.148) 2.196 
Heartt 0.69|73.69 | 9.26) 15.88) 0.80 0.0078) 0.113) 1.824 
Lungst. 4.15/83.74 | 1.54) 13.38) 0.95) 0.0116) 0.114) 0.985 
Spleen.. 0.19}78.69 1.19} 17.81} 1.13! 0.0079} 0.217) 1.198 
Kidneys 0.51/79.47 | 4.01, 14.69} 0.96) 0.0130} 0.174) 1.326 
Pancreas 0.16|73.08 | 13.08) 12.69] 0.93) 0.0143) 0.155) 1.979 
Alimentary tract | 2.07/79.07 | 6.24) 13.19) 0.86) 0.0125) 0.115) 1.339 
Adipose tissue 13.63|50.09 | 42.44, 7.06 0.51) 0.0116) 0.048) 4.165 
Remaining tissues | 
Liquid 3.79193.33 | 0.17) 5.68) 0.94) 0.0054) 0.066) 0.382 
Solid.. | 13.63/70.40 | 12.39! 16.06} 1.01) 0.0675) 0.053) 2.040 
Contents of alimentary tract.| 0.80) 
Bile... | 0.15) 
Hair 0.03] 
Total body, weighing 70.55 | | 
kilos 12.51) 14.39) 4.84) 1.596 | 0.771) 1.990 


[100 .00/67.85 


* Assumed. 
+t Somewhat enlarged. 
t Somewhat congested. 


of its protein, 5.8 per cent of its ash, only 0.2 per cent of its calcium, but 
4.5 per cent of its phosphorus. Of the 1126 gm. of calcium in the entire 
body, all but 12 gm. are located in the bones and teeth, and probably one- 
half of this small residue is located in the ligaments and tendons (the 
solid “‘remaining tissues’). The ratio of calcium to phosphorus in the 
entire body was 2.07:1. 
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The total heat of combustion was 136,163 kilocalories. 

The composition of the skeleton and of the three bones analyzed sepa- 
rately, computed on the bases of fresh weight, dry weight, dry and fat-free 
weight, and ash, is summarized in Table II. These data will be used in 
assessing the nutritional status of the cadaver specimen with reference to 
calcium. 

Normality ef Specimen—The significance of the data presented in the 
preceding section to any study of the biochemistry of growth will depend 
upon the normality of the material analyzed, particularly with reference 


TABLE II 


( hemical ( omposition Pe Ce ni of Bone son Diffe reni Bases 


| | 
Dry ; | Dry 
sh dry we? sh | ) , 
Constituent _—_ Re fat-free As! he “ Rot fat-free sh 
ie TF basis Fog ‘ basis 


Left ulna 


Left tibia 

Moisture 16.28 12.51 
Ether extract 36.39 | 43.47 17.80 | 20.35 | 
Crude protein 15.81 | 18.88 | 33.40 20.88 | 23.87 | 29.96 
Ash 31.40 | 37.51 | 66.34 14.60 | 50.98 | 64.00 
Calcium 11.92 | 14.24 | 25.18 | 37.96 | 17.56 | 20.07 | 25.20 | 39.37 
Phosphorus 5.28 | 6.31 | 11.16 | 16.82, 7.61 | 8.70 | 10.92 | 17.06 

Left ninth rib Total skeleton 
Moisture .. ..| 26.31 31.81 
Ether extract 7.82 | 10.61 17.18 | 25.20 | 
Crude protein 23.31 | 31.63 | 35.39 18.93 | 27.76 | 37.10 | 
Ash 37.90 | 51.43 | 57.54 28.91 | 42.40 | 56.67 
Calcium 14.77 | 20.04 | 22.42 | 38.97 | 11.02 | 16.16 | 21.61 | 38.12 
Phosphorus 6.29| 8.54] 9.55! 16.60 | 4.83 | 7.09} 9.48] 16.72 


Ca to P ratio, tibia 2.257, ulna 2.307, rib 2.348, total skeleton 2.28. 


to nutritional status. The latter is obviously difficult to assess, but the 
attempt to do so seems well worth while. 

The age-height-weight relationship, when applied to Edwards’ (11) 
hnomogram, indicates that the subject was about 11 per cent underweight. 
However, as Edwards points out, actuarial records show that there are 
only small differences in mortality ratios (ratios of actual to expected 
deaths) within a range of 15 per cent above and below the average weight, 
so that the observed deviation of 11 per cent, if it is anything more than an 
error of sampling, can hardly indicate a considerable impairment in nutri- 
tional status. 

An application of the nutritive index of Cowgill and Drabkin (12), 
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\V = W;/L, in which W is the body weight in gm. and L is the stem length 
or sitting height in cm., leads to a value of 0.414, somewhat less than the 
average value of 0.45. However, the measured stem length of this subject, 
99.8 cm., seems much too high for his height, 183 em. From the DuBois 
data, Cowgill and Drabkin obtained the following simple expression relating 
height H to stem length S, both being expressed in cm.; S = 0.4H + 10.5. 
Applied to the cadaver analyzed, the stem length becomes 83.7 cm., 16 
per cent less than that observed. The latter value is 5.7 times the aver- 
age deviation of calculated stem lengths from measured ones and is highly 
significant statistically if the distribution of stem lengths is symmetrical. 
The difficulty in measuring stem length in a lifeless body may be responsible 
in large part for the 16 per cent discrepancy between expected and observed 
stem lengths. If the stem length is taken as 83.7 cm., the nutritive index 
becomes 0.494, being quite within the normal range. 

If adequate data on well nourished human subjects were available for 
comparison, the water and fat content of the specimen analyzed should 
be indicative of general nutritional status. The total water content of 
67.85 per cent is higher than many values reported in the literature, but is 
lower than some: the source or antecedents of most of these values are 
obscure. From a study of old German analyses, Albu and Neuberg (13) 
estimate the average water content of adult man to be 58 per cent. Me- 
Quarrie (14) in his review of water metabolism in health and disease states 
that “Varying somewhat with the amount of fat present, the body of the 
adult contains between 58 and 65 per cent water.” Moleschott (15) gives 
the water content of a 30 year-old man weighing 63.6 kilos as 67.6 per cent. 
The water content of a man weighing 65 kilos is estimated by Skelton (16) 
from previously published German data as 63 per cent. This is practically 
the same as the value given by Shohl (9), 63.1 per cent. Lavietes et al. 
(17) arrive at a higher value, 70 per cent, on entirely different evidence. 
In an unpublished experiment on forced urea feeding, the urea was found 
to distribute itself throughout approximately 70 per cent of the body weight 
of a normal subject, and in later experiments on the water exchange in 
humans, an assumption that the water content of the body is 70 per cent of 
the body weight permitted good agreement between changes in body weight 
predicted on this basis and. the observed changes in weight. Rowntree 

18) sponsors a higher water content of the adult of 75 to 80 per cent. 

The fat content of 12.5 per cent for the cadaver analyzed lies about mid- 
way between the unbelievably low value of 2.5 per cent given by Mole- 
schott (15) and Shohl’s estimate (9) of 19.5 per cent. In the absence of 
other comparable data on man, it may not be out of order to state that 
Shohl’s value of 19.5 per cent fat would represent a considerable degree of 
fattening in a fully sexed male farm animal. 
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The nutritional status with reference to minerals of the subject of this 
experiment may be assessed by considering the weight of skeleton and the 
composition of skeleton and selected bones. The fresh skeleton, exclusive 
of ligaments, weighed 10,017 gm., equivalent to 14.84 per cent of the total 
body weight. Volkmann’s subject (see above), weighing 62.5 kilos, pos- 
sessed a fresh skeleton weighing 10,164 gm., or 16.3 per cent of the body 
weight. Whether this skeletal weight included ligaments is not known. 
Scammon states: ‘“Together, the bony and cartilaginous skeleton forms from 
15 to 20 per cent of the total body weight at birth. Its post-natal growth 
proceeds parri passu with that of the body as a whole and, so far as our 
rather meagre statistics show, the proportions between the skeleton and 
body weight which exist at birth remain practically unchanged. The 
absolute post-natal increase in the weight of the skeleton, like that of the 
body as a whole, is roughly twenty-fold” (19). Ina later publication from 
Scammon’s laboratory, Wilmer (20) reports that the fresh ligamentous 
skeleton accounts for 17.60 per cent of the body weight of the new-born as 
well as of the adult, 

The composition of the skeleton of our subject, and of the tibia, ulna, 
and rib analyzed separately, is summarized in Table II.* It will be noted 
that the different bones differed quite definitely in chemical composition, 
as Weakley and Dustman (21) found to be true for the different 
skeletal parts of the lower animals. This means that the composition of 
the skeleton cannot be estimated from that of an individual bone, as 
Nicholls and Nimalasuriya (6) have done, and probably others also. It 
is obvious that the fat and water contents of different bones vary widely, 
and probably that different skeletons equally well calcified may differ 
greatly in these respects. Comparisons of the composition of skeletal parts 
from different bodies, therefore, are best made on the dry, fat-free basis. 

According to Huggins (22), “normal mature bone contains on the average 
somewhat less than half its weight of water and anything up to 25 per cent 
fat,” these constituents varying within wide limits, depending upon the 
specific bone, the age, state of nutrition, and species. ‘““The composition 
of the dry, fat-free matter is more uniform, being roughly 30 to 40 per cent 
organic and the remainder inorganic material.” The bones analyzed in 
this experiment all fall within these very general specifications, except that 
some were somewhat drier and the tibia was considerably richer in fat. 
The skeleton of Volkmann’s man contained 22.11 per cent ash as com- 
pared with 28.91 per cent for our specimen. Wolff and Kerr (23) analyzed 


*Other measurements on the ulna, tibia, and rib, respectively, are as follows 
maximum length, in em., 27.85, 40.7, 30.3; minimum diameter, in cm., 1.15, 2.25, 0.55: 
density by water displacement (determined on the fresh intact bone with all adhering 
tissue removed), 1.32, 1.31, 1.50. 
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several bones from a case of chronic fluoride poisoning, and reported the 
results on the dry, fat-free (alcohol and ether-extracted) bone. The total 
ash on this basis was 65.01, 65.51, and 66.84 per cent for the tibia, ulna, 
and sixth rib, respectively, as compared with 66.34, 64.00, and 57.54 for our 
specimen, the last value relating to the ninth rather than the sixth rib. 
The percentages of calcium in the ash of the fluorotic bones were abnormally 
high, being 45.10, 44.68, and 43.75, respectively, and the phosphorus con- 
tents were somewhat high, also, 7.c., 17.60, 17.81, and 17.22. 

Radasch (24) determined the content of organic matter in ether-extracted 
compact bone from postmortem subjects. This material contained no 
periosteum, cancellous tissue, or marrow. For subjects from 20 to 60 
years of age, the average content of organic matter for femur, tibia, and 
fibula was 34.46 per cent, the content of inorganic matter thus being 65.54 


TABLE III 


Per Cent Composition of Bone Ash 


Bone —. Authority 
Humerus 36.67 16.01 2.29:1 | Gabriel (25) 
Ribs 38.80 17.41 2.24:1 | Gassmann (26 

37.09 16.95 2.19:1 Loll (27) 

Humerus .-| 36.31 15.43 2.35:1 | Funaoka and Shirakawa (28) 
Various bones ..| 35.09 15.16 2.31:1 | Klement (29) 
Tibia .| 37.96 16.82 2.26:1 | This experiment 
Ulna 39.37 17.06 2.31:1 ” st 
Rib 38.97 16.60 2.35:1 
Entire skeleton 38.12 16.72 2.28:1 


per cent. ‘The tibia described in Table II, including all parts of the bone, 
contained (6.34 per cent ash on the dry, fat-free basis. 

Table ITI contains values published in the literature on the calcium and 
phosphorus content of the ash of human bones, in comparison with those 
secured on bones analyzed in this experiment. 

From a consideration of all of these comparisons of measurements secured 
on the cadaver of this experiment with those of similar material reported in 
the literature, there is no reason to suspect that the specimen at our dis- 
posal was malnourished in any respect. It must be admitted, however, 
that comparable material is small in amount and variable in significance. 

Bearing on Biochemistry of Growth—Growth consists of the deposition 
within the body of the voung animal of organic and inorganic substances 
essential to protoplasmic functioning or to the development of an arechi- 
tectural structure determined by its hereditary background. These 
substances are derived from the food supply, either directly or by metabolic 
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transformation, and they are deposited within the tissue cells or in the 
intercellular material, the former process during extrauterine growth in- 
volving mainly imcrease in cell size rather than increase in cell number. 
The chemical reactions involved in this enlargement of a young organism 
according to a predetermined pattern, and the factors involved in the 
termination of the process when a predetermined adult size is reached, are 
a fascinating field of biochemistry. But its practical aspects relate to the 
quantitative measurement of the day to day accretions of nitrogen (pro- 
tein), energy, minerals, etc., since these accretions, when measured under 
appropriate experimental conditions, determine the requirements of net 
dietary nutrients for maximum growth. 

Mitchell and Curzon (8) attempted to estimate the daily accretions of 
calcium in the case of the growing child on the basis of admittedly inade- 
quate data. With the information now at hand on the composition of the 
adult human body, another attempt will be made in this section of the 
paper. However, in the absence of all direct information on the composi- 
tion of the human body between birth, or shortly thereafter, and maturity, 
the attempt will represent more an illustration of method rather than the 
attainment of definitive values. 

The growth data of Meredith (30) for boys from 5 to 17 years,‘ inclusive, 
extrapolated at both ends of the growth period to conform to a birth weight 
of 3.49 kilos (31) and a weight at 20 years of 67.0 kilos, were found to be 
satisfactorily described by a fifth degree equation, W = 3.49 + 7.7876t — 
1.6148 + 0.17992 — 0.007863¢* + 0.0001165¢, in which W is the body 
weight in kilos and ¢/ is the age in years. The maximum deviation of 
weights estimated by this equation from the observed data is —7.5 per 
cent at 1 year of age and all other deviations are less than 5 per cent (see 
Table IV). Differentiation of this equation will give the rate of growth 
in kilos per year at any age 1. 

The changing calcium content of the growing boy’s body was expressed 
by a fourth degree equation, based upon the assumption (a) that the calcium 
content at birth is 0.8 per cent (32), (6) that that in the adult is 1.6 per cent, 
and (c) that the change from the infantile to the adult percentage occurs 
progressively throughout growth, but more rapidly when growth is more 
rapid. The equation thus derived follows: W = 28 + 86.8281 — 16.- 


‘ In this article, Meredith reviews the evidence in the literature and adds evidence 
of his own concerning secular changes in the weight and height of children. He con- 
cludes: ‘‘Altogether it appears to be reliably established that the average stature and 
weight of white children living in the United States and enrolled at public or private 
schools has increased during the last half century.’”’ It is a relief to find concrete 
evidence that changing food habits in this country are not undermining health, con- 
trary to the belief frequently expressed in official circles, based upon less specific 
evidence and an inept use of experimental and statistical data. 
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5105@ + 1.56252 — 0.04114é, in which W is the weight of calcium in gm. 
in the child’s body and ¢ the age in years. Differentiation of this equation 
will give the rate of accretion of calcium in gm. per year. Table IV con- 




















TaBLe IV 
Growth of Boys in Body Weight and Calcium Content 

Body weight | Daily accretion 

| _— ——— —, —— ——_—----————— | Calcium 
Ace | | | | Calcium | In calcium| | content of 

Cal- content} ee } gains in 

‘Obsery ed* | | culnedt | Deviation | weight§ Seal | Per kilo weight 

[body weight) 
yrs. | keg. keg. | per cent gm. gm. me me | per cent 
0 | 3.49 | 3.49 0 28 
1 | 10.6 | 9.84 | —7.5 100 13.9 160 | 16.3 | 1.15 
2 13.7 13.9 1.5 147 8.9 105 7.6 | 1.18 
3 16.0 16.6 3.8 179 5.9 70 4.2 1.19 
4 7.6 | 18.4 4.5 21 | 4.5 53 2.9 | 1.18 
5 19.1 | 0.0 | 4.2 219 1.3 50 2.56 | 1.16 
6 {| 22.0 | 21.7 | -1.4] 239 | 4.9 60 | 2.8 1.22 
7 | 24.4 | 23.7 —2.8 | 24 | 6.1 a 1.30 
8 | 27:5 | 26.2 | -4.7; 27 | 7.6 105 | 4.0 1.38 
9 | 30.4 | 29.2 —3.9 | 341 9.1 135 4.6 1.48 
10 33.3 32.8 —1.5 396 | 10.5 167 | 5.1 1.59 
11 | 36.5 | 36.8 1.1 463 | 11.6 197 | 5.4 1.70 
12 | 39.5 41.2 4.3 | 539 12.3 223 5.4 1.81 
13 | 44.0 | 45.8 4.9 524 | 12.5 242 5.3 1.94 
14 49.9 | 50.3 0.8 715 12.1 251 5.0 2.07 
15 | 55.0 | 54.6 —0.7 806 11.3 249 4.6 2.20 
16 | 50.6 | 58.5 | —1.8 8o4 9.9 231 3.9 2.33 
17 62.6 61.8 | —1.3 | 973 8.8 196 3.2 2.23 
iS | 64.5 64.4 | —0.2 | 1035 6.1 141 2.2 | 2.31 
19 66.0 | 66.3 0.5 | 1073 3.9 63 | 0.95 | 1.62 
20 | 67.0 67.3 0.4 1078 | 1.8 | | 





* Growth dat a of Meredith (30) supplemented ee ages less than 5 5 years and more 
than 17 by the earlier data of Bayley and Davis (33) and by data selected by Brody 


(34). 
t Calculated from the equation, W = 3.49 + 7.7876 — 1.6148@? + 0.17990 — 
0.007863t* +- 0.0001165é5, in which W = body weight in kilos and t = age in years. 


t Calculated from the equation, W = 28 + 86.828 — 16.5105t* + 1.5625#° — 
0.04114¢*, in which W = body calcium in gm. and ¢ = age in years. 


§ Obtained by differentiation of equation given in ffoot-note. 
Obtained by differentiation of equation given in ffoot-note. 


tains the estimated rates of calcium accretion expressed in mg. per day and 
in mg. per kilo of body weight. The last column of Table IV contains the 
estimated calcium content of the daily accretions in body weight for the 
different ages considered. These values are quite in line with similar values 
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obtained for rats, chickens, and lambs cited by Mitchell and Curzon ((8) 
Tables 4 and 5), taken from experiments in which animals were actually 
analyzed at different stages of growth. 

The estimated accretions of calcium per day in the body of the growing 
male child listed in Table IV for boys of different ages from birth to 20 
years are quite similar in absolute magnitude to the estimates of Shohl 
(9) obtained by an analogous method. Expressed per kilo of body weight, 
the values in Table IV are generally smaller because of a different age- 
weight relationship. Both sets of data, however, integrate to nearly the 
same total of 1.0 to 1.1 kilos of calcium at maturity. 

The results of calcium balance experiments upon children at different 
stages of growth generally indicate higher daily accretions of calcium than 
those listed in Table IV. For example, Sherman and Lanford ((35) Table 
8) have published average retentions of calcium for different age intervals, 
and all of them, except for the 10th to the 15th year, are considerably higher 
than the values in Table IV. However, they integrate at 15 years to a 
total, 1247 gm., larger than we have found in the adult body and equivalent 
to 2.3 per cent. They give also average calcium retentions compiled by 
Macy, probably from more recent data. This series of values integrates 
to a total of 1418 gm., equivalent to 2.0 per cent of the adult body weight. 
The calcium balances of children selected by Leitch (7) are much higher and 
lead to an estimate of 3.6 per cent of calcium in the adult. 

The possible causes of the discrepancics between the two methods of 
estimating daily accretions of calcium by the growing child are discussed 
by Mitchell and Curzon (8). It seems fair to conclude that the gross errors 
of the balance method all operate to increase the estimated calcium reten- 
tion. The difficulties in securing calcium balances in a growing child that 
represent growth requirements do not seem to be commonly realized. At 
any given time calcium may be retained in a bone either as a stage in its 
orderly development at a rate that has been unimpeded by the food supply, 
or as & recuperative process imposed upon normal bone growth by a prior 
period of inadequate food supply. The latter quota is not a legitimate part 
of a net requirement of calcium for bone growth, because it would not exist 
under conditions of continuous fully adequate nutrition, and its existence 
following a period of inadequate nutrition will terminate when recuperation 
is complete. 

The way in which a bone grows would seem to confuse the interpretation 
of calcium balances, at least in short periods of observation. Maximow and 
Bloom (36), in discussing the internal reconstruction of growing bone, 
say: “Inside the gradually increasing mass of a growing bone, changes are 
constantly taking place throughout its entire period of development even 
to the adult stage. These consist of the formation of new lamellae by the 
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osteoblasts and, at the same time, of destruction and digestion of the 
recently formed areas of bone tissue, the formation of other new layers, 
and so on.” 

The technical errors in « calcium balance study relate mainly to a complete 
collection of excreta. To the extent that excreta are lost, the calcium bal- 
ance is fictitiously high. No attention is ordinarily paid to the dermal 
loss of calcium. Bryant and Talbert (37) found calcium as a normal con- 
stituent of sweat. They reported the presence of from 5 to 10 mg. of cal- 
cium per 100 cc. of sweat, in 83 samples analyzed. Freyberg and Grant 
(38) were unable to detect calcium in the skin secretions of nermal humans 
when sweating is avoided. However, in our laboratory’ we have found 
calcium in dermal excretions under comfortable environmental conditions, 
equivalent to a loss of 4 to 5 mg. per hour over the entire body. Sweat 
always contains calcium but in highly variable concentrations from less 
than 1 mg. per cent to 8 or 9. Under conditions of profuse sweating, the 
dermal loss of calcium may range from 10 to 20 mg. per hour in normal 
adults. The extent of this loss in children should be studied. 

The method for calcium illustrated above may be extended to protein, 
energy, and phosphorus. Terroine (39) has applied essentially the same 
method to a determination of the net protein requirements of the child. 
Obviously, in any consideration of nutritive requirements estimated by this 
or any other method, the great variability of individuals must be realized 
and the adaptation of the individual to a restricted food supply, as illus- 
trated by Nicholls and Nimalasuriya (6) for calcium, cannot be neglected. 
Such estimated requirements are useful as guides in child feeding, but they 
are of little value as “‘yardsticks of good nutrition.”’ It is a statistical 
absurdity to judge the nutritive status of large communities, even an entire 
population of 136 million people, by average experimental results obtained 
upon a mere handful of subjects, whose variation is of the order of 20 to 
25 per cent. 

SUMMARY 


The chemical composition of the body of a normal adult human, 35 
years of age, has been reported, with reference to moisture, ether extract, 
protein (N X 6.25), total ash, calcium, phosphorus, and gross energy. 
Individual analyses of the skeleton, musculature, skin, and many visceral 
organs are reported. 

The data from this material have been considered in connection with 
requirements of calcium for growth on the reasonable assumption that the 
integration of calcium accretions during the growing period will equal the 
calcium content of the adult organism. 


5 Mitchell, H. H., and Hamilton, T. 8., unpublished data. 
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Since florisil was introduced by Ferrebee (1) in the determination of 
urinary riboflavin and applied to food assay by Conner and Straub (2), it 
has achieved wide-spread usage in riboflavin methodology. The efficacy 
of florisil for quantitative adsorption of riboflavin from natural extracts 
has, however, been questioned recently. In a series of collaborative assays 
of bread and flour, Andrews (3, 4) reported large variations in the results 
of the individual collaborators and indicated (4) that variations in the 
efficiency of different lots of florisil were partially responsible. It has been 
shown in this laboratory (5) that, even with florisil of a high degree of 
efficiency, the results on a large variety of foods and feeds still tend to be 
low, as judged by comparison with the results of microbiological assay of 
the same substances. 

Two expianations have been advanced recently (6, 7) to account for 
the low results by florisil procedures. Hoffer, Alcock, and Geddes (6) 
attributed low results on flour extracts to incomplete adsorption of ribo- 
flavin per se on florisil and demonstrated that complete adsorption required 
the use of two or more successive columns of florisil. The efficiency of 
adsorption was shown to be dependent upon the particular lot of florisil 
used and also upon the concentration, volume, and clarity of the extracts 
from which riboflavin was adsorbed. On the other hand, Rosner, Lerner, 
and Cannon (7) interpreted the partial adsorption of riboflavin from ex- 
tracts of natural products as being due to non-adsorption of combined 
riboflavin. Enzymic treatment resulted in complete adsorption of the 
riboflavin, which they interpreted as a consequence of the formation of 
free riboflavin. 

The present report is concerned with experiments which bear on both 
these explanations. A study has been made of the efficiency of adsorption 
on florisil of (1) free riboflavin, (2) combined riboflavin (as phosphate and 
monosuccinate esters), and (3) naturally occurring riboflavin (in yeast 
and liver extract). The effects of concentration and of enzymic treatment 
on adsorption efficiency have also been studied. Both fluorometric and 
microbiological measurements have been used to determine the distribution 
of the riboflavin. 
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EXPERIMENTAL 

The florisil (30 to 60 mesh) used in all experiments was prepared as recom- 
mended by Ferrebee (1). Adsorptions were carried out in tubes which 
gave a column of florisil 14 cm. long by 6.5 cm. in diameter. Riboflavin 
extracts were prepared in 0.1 N sulfuric acid and adjusted to pH 4.5 with 
2.5 m sodium acetate before adsorption on florisil. 40 ml. of 20 per cent 
from each column, eluates being then diluted to 50 ml. with water before 
fluorometry. Blank readings were taken after reduction of riboflavin with 
10 to 20 mg. of solid sodium hydrosulfite. The use of the solid hydrosulfite 
introduced no difficulties for the types of materials examined 


pyridine in 2 per cent acetic acid were used for the elution of riboflavin 


TABLE | 


Adsorption of Pure Riboflavin on Florisil 











Riboflavin put on florisil column Volume of aliquot Riboflavin in eluate 
Y ml. per cent 
5 20 100 
5 50 100 
5 100 101 
10 40 100 
20 40 100 
2 50 100 
25 100 95 
50 50 98 


Fluorometry was carried out in a Pfaltz and Bauer fluorophotometer, 
model B, fed by a special constant voltage line. The current also passes 
through a voltage stabilizer, insuring a high degree of reproducibility. 
Moreover, the use of a glass riboflavin secondary standard permitted 
frequent, rapid checking of instrument settings. 

Adsorption of Pure (“Free”) Riboflavin—To determine the efficiency of 
adsorption of pure riboflavin on the florisil used in the present experiments, 
graded amounts were placed on fiorisil at the dilutions shown in Table I. 
Each column was washed with 25 ml. of hot water before elution. Under 
these conditions, as much as 50 ¥ of riboflavin were recovered quantitatively. 
At greater dilutions of the higher levels of riboflavin, the efficiency dropped 
off somewhat. 

It is apparent that pure riboflavin is readily recovered quantitatively 
from florisil in amounts which are much greater than the 5 y which are 
placed on a column in the course of the usual assay. In all subsequent 
experiments, the aliquot for adsorption contained about 5 + of riboflavin. 

Adsorption of Combined Riboflavin—Riboflavin phosphate and riboflavin 
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monosuccinate were made available to us by Mr. G. J. Haas through the 
kindness of Dr. M. F. Furter. The phosphate was prepared by esterifica- 
tion of riboflavin with phosphorus oxychloride, according to Kuhn and 
Rudy (8), and was about 80 per cent pure. The difficulties involved in 
obtaining pure riboflavin phosphate by this synthesis have been pointed 
out by Karrer, Frei, and Meerwein (9). The preparation was nevertheless 
useful in the present experiments. The succinate was prepared by esterifi- 
eation of riboflavin with succinic anhydride and was practically pure; 
traces of disuccinate may have been present. 

25 mg. of each preparation were dissolved in slightly acidulated water, 
eare being taken to avoid hydrolysis of the compounds. The solutions 
were buffered at pH 4.5 and further diluted. Fluorometric measurement 
showed the riboflavin content of the phosphate and succinate to be 79 and 


TaB.eE II 
Adsorption of Riboflavin Esters on Florisil 
All values are given as percentages of the initial amount of riboflavin (placed on 
the first column). 


Adsorbed on In filtrate of Adsorbed on 


Compound first florisil = : 
coleamn first column second column 
Riboflavin phosphate ee 86* 13 13 
os monosuccinate. ere a3 96T 7 7 


25 ml. of solution containing 3.4 y of riboflavin were placed on the column. 
25 ml. of solution containing 4.8 y of riboflavin were placed on the column. 


* i 


+ 


96 per cent, respectively, of the theoretical values. 25 ml. aliquots were 
placed on florisil and washed with 25 ml. of hot water, with the relative 
results shown in Table I]: the phosphate was adsorbed to the extent of 86 
per cent of its riboflavin content and the succinate to the extent of 96 per 
cent. The filtrates (drippings from the columns, including the wash water) 
were passed through second florisil columns, which, as shown in Table IJ, 
completely removed the residuum of riboflavin which escaped adsorption 
on the first columns. 

It is apparent that these riboflavin esters are adsorbed fairly completely 
on florisil. These data argue against the hypothesis of Rosner et al. (7) 
that combined riboflavin is not adsorbed by florisil. 

Adsorption of Naturally Occurring Riboflavrin—Two high potency ma- 
terials, Fleischmann’s yeast (No. 200-B) and Wilson’s liver extract (Frac- 
tion B), were chosen for this phase of the work, in order that the adsorption 
experiments might not be overly complicated by the phenomena which 
affect the adsorption of low potency foods (cf. Hoffer et al. (6) on the effects 
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of the concentration, volume, and clarity of flour extracts on adsorption), 
As assayed by our fluorometric method (5), the yeast contained 79 
per gm. of riboflavin, while the liver extract contained 256 y per gm. The 
corresponding microbiological values, obtained by the method of Snell 
and Strong (10) as modified by Strong and Carpenter (11) and Bauernfeind 
et al. (12), were 75 and 257 y per gm. 

In order to determine the effect of the concentration of riboflavin, extracts 
of both products were prepared at the extraction ratios shown in the second 
column of Table III, so that aliquots of 6 and 50 ml., respectively, repre- 


Tas.e III 


Adsorption on Florisil of Riboflavin from Extracts of Yeast and Liver Extract 


Riboflavin values are given as percentages of the amount placed on the first col- 


umn of florisil. 





Riboflavin Riboflavin Riboflavin 
Concentra- | Aliquot on adsorbed ‘nm Gitr hen adsorbed on 
Extract tion of first florisil Enzyme treatment* on first . aa Grst second 
extract column florisil , xm florisil 
ylumna , column 
gm. per 100 ml 
| mi. . 
Yeast | l 6 None 82 15 
6 5% clarase 97 3 
6 5% polidase 96 4 
0.12 50 None sl 18 16 
50 5% clarase 82 18 15 
50 5% polidase 91 9 8 
Liver | 0.33 6 None 87 10 
6 5% clarase 98 2 
6 5% polidase 99 ] 
| 0.04 50 None 75 25 18 
| nr > °] 
50 5% clarase 88 11 8 
50 5% polidase 96 6 6 





* 2 hours at 45°. 


sented equal weights of sample and contained approximately 5 y of ribo- 
flavin. The effect of enzyme treatment was also observed at both extrae- 
tion ratios by comparing untreated extracts with extracts which were 
digested with 5 per cent clarase or 5 per cent polidase at 45° for 2 hours. 
19 and 25 ml. of wash water were used for the 6 and 50 ml. aliquots, respec- 
tively, making the total volume of filtrate 25 and 75 ml., respectively. 

It is apparent from the data in Table III that adsorption is more efficient 
from the smaller (6 ml.) aliquots than from the larger (50 ml.) aliquots, 
irrespective of whether or not enzyme treatment is included. Enzyme 
treatment did increase the efficiency of adsorption, which is practically 
complete for clarase and polidase in the more concentrated extracts, but 
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not in the dilute extracts. It was noted that digestion with these enzymes 
resulted in greater clarity of the extracts after filtration at pH 4.5. By 
comparison of the last two columns of Table III, it will be seen that most, 
but not all, of the riboflavin present in the filtrate of the first florisil column 
was adsorbed on the second column. 

Microbiological assays showed that the fluorescent matter in the filtrates 
is actually riboflavin, good agreement being obtained between fluorometric 
and microbiological assays of these filtrates. It should also be noted that 
the sum of riboflavin adsorbed on the florisil column and the amount found 
in the filtrate of that column always adds up to practically 100 per cent 





(within the range of analytical error). As an illustration of the values 
TaBLe IV 
Typical Riboflavin Balance Experiment on Yeast 200-B 
Fraction | Fluorometric Microbiological 
y per gm. per cent* y per gm. | per cont* 
| | 
Yeast 200-B | 79 _ + = +... 
Eluate (adsorbed). . - 55 70 
Filtrate (unadsorbed) 23 29 26.5f | 33 
Eluate + filtrate.... 78 99 82t | 1064 


* All percentage values are based on the fluorometric value of 79 y per gm., which 
is considered 100 per cent. 
+ The 24 hour turbidimetric value was 26 y per gm. and the 72 hour titrimetric 


value was 27 y per gm. 
t Fluorometric value for eluate used in calculating this total. 


observed, a typical balance experiment in which both types of assay meth- 
ods are employed is shown in Table IV. 


DISCUSSION 


It is evident from these experiments that riboflavin is adsorbed with 
greater ease from simple solutions than from extracts of natural substances, 
even when the latter are high potency sources of riboflavin, such as yeast 
and liver. That the efficiency of adsorption can be even poorer for low 
potency substances has been demonstrated by Rosner et al. (7) and by 
Hoffer et al. (6), and has been illustrated (5) by comparative fluorometric 
and microbiological assays of a large variety of low potency foods and 
feeds. 

Rosner ef al. (7) have sought to explain the poor adsorption by postulating 
that combined riboflavin is not absorbed on florisil, whereas free riboflavin 
is. The following considerations argue against this conception. 

1. The phosphate and succinate esters used in the present experiments 
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were readily adsorbed on florisil (Table IT). Riboflavin probably occurs 
in heated acid extracts of plant substances largely as free riboflavin and 
riboflavin phosphate. The experiment with riboflavin phosphate may 
therefore be considered as simulating an analytical set-up. The experiment 
with the succinate serves largely as a model of the behavior of another 
5’-substituted ester. 

2. Riboflavin which escapes adsorption on a single column of florisil 
can be adsorbed on successive columns. In the case of yeast and liver 
(Table III), practically all the riboflavin which appeared in the filtrate of 
the first column was adsorbed on the second column. In the case of low 
potency flour extracts, Hoffer ef al. (6) showed that from one to four 
columns might be required, depending upon the batch of florisil and the 
extraction ratio, but that eventually complete adsorption can be attained. 

3. Enzyme treatment does not necessarily result in complete adsorption 
on a single column (Table III). The fact that improved adsorption did 
occur in many cases after enzyme treatment can be explained equally well 
on the basis of the greater clarity of the extract (6) as on the basis of hydrol- 
ysis of combined to free riboflavin and adsorption of the latter (7). It 
should be emphasized that enzyme treatment is a desirable step in ribo- 
flavin assay. 

Our experiments support the conclusions of Hoffer et al. (6) that, for a 
given lot of florisil, the efficiency of adsorption depends upon the concentra- 
tion, volume, and clarity of the extracts. Since the quantitative influence 
of these factors varies for substances of different composition and riboflavin 
potency, it appears desirable to avoid the use of florisil unless it is clearly 
established that no losses are incurred for the particular type of sample. 


SUMMARY 


1. Riboflavin is adsorbed more efficiently by florisil from simple solutions 
than from extracts of high potency sources such as yeast and liver. The 
use of florisil in the analysis of these natural materials may cause errors 
ranging up to 30 per cent. 

2. The factors influencing the adsorption include the clarity, volume, 
and concentration of the extracts. 

3. Combined riboflavin, in the form of riboflavin phosphate or riboflavin 
monosuccinate, is readily adsorbed on florisil. 
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The normal concentration of thiamine in the blood of human subjects 
has been determined by several investigators. In most instances an 
average value of the order of 8.0 to 9.0 y of thiamine per 100 ml. of whole 
blood has been found (1, 2). Goodhart and Sinclair (2) have reported a 
value of 5.7 y per 100 ml. for the ox and the considerably higher value of 
20.2 y per 100 ml. for the pigeon. Schultz et al. (3) have found a value of 
7.0 y per 100 gm. of rat blood. 

Since the thiamine content of the muscle tissue of the pig is normally 
much higher than that for the same tissue in other species, it is reasonable 
to expect that the thiamine content of pig blood would also be much higher. 
Similarly, because the thiamine content of muscle tissue in the pig may 
vary according to the amount of thiamine in the diet (4), the thiamine 
content of the blood should be related to the thiamine content of the diet 
or, more directly, to the thiamine content of the muscle tissue. Informa- 
tion on these points is given in this report. 


EXPERIMENTAL 


In order to determine the average normal concentration of thiamine, 
samples of blood were obtained from pigs receiving common herd rations. 
Some of the thiamine values represent pigs in the semifasting state, the 
blood samples having been taken at the time of slaughter from animals 
which had received no feed during the preceding 24 hours. In addition, 
non-fasting values were obtained from samples taken within 3 or 4 hours 
after the pigs had received a regular feeding. The blood samples were 
obtained from the anterior vena cava by the method of Carle and Dew- 
hurst (5). Some of the blood samples were obtained from pigs fed ordinary 
fattening rations, the thiamine contents of which were not determined. 
However, most of the blood samples were taken from pigs receiving experi- 
mental diets of known thiamine content. In several instances pork sam- 
ples were also obtained from these pigs. 

In order to determine the effect of feeding relatively large amounts of 

* Authorized for publication as paper No. 1269 in the Journal Series of the Penn- 
sylvania Agricultural Experiment Station. Supported in part by a fellowship grant 
Irom Swift and Company. 
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thiamine upon the concentration of thiamine in the blood, daily individual] 
doses of crystalline thiamine were administered orally to three groups of 
pigs. Each of a group of four pigs was given 25 mg. of thiamine for 7 days, 
and each pig in a similar group received 50 mg. of thiamine for the same 
period. Each of three pigs in a third group received 50 mg. of thiamine 
for a period of 11 days. Blood samples were taken before the thiamine 
feeding began and at regular intervals thereafter. 

Thiamine was determined by a modification of the thiochrome method 
of Hennessy and Lewis (6). The method was modified in an attempt to 
reduce the hematin-catalyzed destruction of thiochrome by alkaline ferri- 
cyanide, as described by Owen, Weissmann, and Ferrebee (7). 5 ml. 
samples of whole, oxalated blood were pipetted into 40 ml. portions of 1 
per cent acetic acid contained in 100 ml. volumetric flasks. The samples 
were heated at the temperature of boiling water for 10 minutes. After 
cooling, 0.3 gm. of taka-diastase in aqueous solution was added to each 
flask, and the samples were allowed to incubate at 45-50° for at least 2 
hours. 40 ml. of 10 per cent trichloroacetic acid were then added to each 
flask, and the samples were allowed to stand for about 30 minutes. The 
pH was adjusted to about 4.5 with 2.5 m sodium acetate, the volume was 
made up to 100 ml., and the extracts were filtered. From this point the 
details of the published procedure were followed. Results were reproduci- 
ble within +15 per cent. A moderate decrease in the destruction of thio- 
chrome was obtained with the modified procedure. 

DISCUSSION 

The results of the investigation are summarized in Table I and Fig. 1. 
Although a wide range of values was encountered in several of the groups, 
the standard errors of the mean values are well within the limits of the ex- 
perimental error. 

The normal concentration of thiamine in the blood of the pig appears 
to be about twice as high as that reported for human subjects. The mean 
value found for thirteen pigs in the semifasting state was 17 y of thiamine 
per 100 ml. of whole blood. The mean blood thiamine value for nine non- 
fasting pigs was 21 y per 100 ml. The difference between these values is 
statistically significant and suggests that the concentration of thiamine in 
the blood fluctuates during the progress of digestion in a manner similar 
to that of blood glucose and other substances. 

In general, the concentration of thiamine in the blood becomes higher 
as the thiamine content of the diet is increased. In addition, there appears 
to be a rather direct relationship between the thiamine content of the 
muscle tissue of the pig and the concentration of thiamine in the blood. 
The data for Group 7, Table I, show clearly that when the tissue stores are 
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large the blood thiamine level is high, even though the daily thiamine 
intake has been at an average level for some time. Similarly, in Group 8, 
although the daily thiamine intake was high, the tissue stores and the 
blood level of thiamine were only slightly above average. The relatively 
low tissue storage of thiamine in the latter animals is considered anomalous, 


as discusse d else W here. 


TABLE | 


Concentration of Thiamine in Normal Pig Blood and Its Relation to Thiamine Content 
of Diet and to Thiamine Content of Muscle Tissue 


Thiamine per 100 ml. 


whole blood Average 
Type of blood {No.of ne thiamine 
Group De ipti of ration . ,sownd — ani- | per gm 
" — mals Stand- | fresh loin 
Range |Mean| ard | tissue 
error 
y Y y 
1 Herd ration of unknown | Fasting 13 11-21 | 17 | 0.8 


thiamine content 


2 Non-fasting 5 | 16-21 19; 0.8 

3 | Herd ration containing 1.68 - 4 | 22-24 23) 0.4 
mg. thiamine per lb. feed | 

4 Herd ration containing 1.75 | Fasting 3* | 16-20 | 18 | 1.2 | 10.7 
mg. thiamine per lb. feed | 

5 Grain ration + legume pas- 4 2* | 15-17 | 16 | 1.0 | 12.8 
ture 

6 Herd ration + peanut skins ” 4 | 25-35 | 29| 2.3 | 19.4 
or 50 mg. thiamine per 
day 

7 | Herd ration + 50 mg. se A 3 | 26-30 | 28| 1.2 | 19.3 


thiamine for 35 days; then 
no extra thiamine for 35 
days prior to slaughter 
8 Herd ration + 50 mg. | Non-fasting 3f | 19-28 | 23 | 0.8 12.4 
thiamine for 84 days 


* Also included in Group 1. 
t A total of ten determinations on samples of 3 succeeding days. 


The influence of 7 days of feeding relatively large amounts of thiamine 
on the thiamine content of the blood is shown in Fig. 1. The level of 
thiamine in the blood increased rapidly during the period of administration 
of the vitamin, and decreased just as rapidly after the extra thiamine was 
discontinued. When the vitamin was fed for a period of 11 days (results 
not shown), the maximum blood level values attained were no higher than 
those reached within 5 to 7 days. 


‘Pence, J. W., Miller, R. C., Dutcher, R. A., and Ziegler, P. T., unpublished data. 
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There are several points of difference in the results obtained in this in- 
vestigation and those obtained with human subjects. Benson et al. (1, 8), 
Youmans et al. (9), and other workers have found that the concentration of 
thiamine in human blood bears little relationship to the state of saturation 
of the tissues. Only in cases of severe thiamine deficiency does the blood 
level of thiamine fall below the normal range. In a deficient human sub- 
ject, the administration of thiamine will cause the blood level to riseto 
normal values, but in mildly deficient or normal subjects an increase in the 
thiamine intake will not lead to higher blood thiamine values. Najjar and 
Holt (10), among others, report that when relatively large amounts of 





w 
oO 


Y 
% 





N 
o 








MICROGRAMS THIAMINE PER 100 ML 





24 
20 
16 
2 4 6 6 10 
DAYS 


Fic. 1. The effect of feeding 25 (solid dots and line) and 50 mg. (clear circles and 
broken line) of crystalline thiamine daily for 7 days upon the thiamine content of 


pig blood. 


thiamine are injected into human subjects the blood level rises to very high 
values, but returns to normal within a few hours. 

The authors have shown! that the pig has the ability to accumulate large 
amounts of thiamine in muscle tissue quite rapidly. With an intake of 50 
mg. of thiamine per day a maximum storage is obtained within 5 weeks, 
the thiamine content of these saturated tissues being nearly twice as high 
as that obtained from an average thiamine intake. Thus, if a high intake 
of thiamine is continued long enough to increase the storage of the vitamin 
in the muscle tissue materially, the concentration of thiamine in the blood 
will remain above normal even though the intake has been reduced (see the 
data for Group 7, Table I). 

Within limitations, the concentration of thiamine in the blood may be 
used as a rough index of the storage of thiamine in the muscle tissue of the 
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pig. ‘lhe storage of extra thiamine in the muscle tissue is indicated by an 
elevated blood thiamine value, provided that any substantial increase in 
the daily intake, immediately prior to sampling, has been of sufficient 
duration to have exerted its full effect upon the storage of this vitamin in 


the muscle tissue. 


SUMMARY 


The normal concentration of thiamine in the blood of pigs was found to 
be 17 and 21 y per 100 ml. for semifasting and non-fasting pigs, respectively. 
These values are approximately twice as high as those reported for normal 
human subjects. 

A rise in the blood thiamine level to approximately 30 7 per 100 ml. of 
whole blood occurred within a week when pure crystalline thiamine was 
fed in daily amounts of 25 or 50 mg. 

The concentration of blood thiamine in the pig is directly related to the 
amount of thiamine in the diet and to the thiamine content of the muscle 


tissue 
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fecent investigations have provided evidence that the release and re- 
moval of acetylcholine is an intracellular process directly connected with the 
nerve action potential. The experiments suggest that the ester renders the 
neuronal surface permeable to all ions and thereby depolarizes the mem- 
brane (1-4). This concept is based mainly on studies of the enzyme 
cholinesterase. Three essential features are (a) the high concentration of 
the enzyme in nervous tissue, a concentration sufficiently high to make 
possible a rate of acetylcholine metabolism which parallels that of electric 
changes; (b) the localization of the enzyme at the neuronal surface where 
the bioelectrical phenomena occur; and (c) the parallelism between the 
enzyme activity and the voltage of the nerve action potential. 

In these investigations it was assumed that the enzyme studied is a 
specific enzyme and that the substrate metabolized is acetylcholine (ACh). 
Only if this is the case is it justifiable to draw conclusions from the concen- 
tration of an enzyme as to the possible rate of the metabolism of the sub- 
strate or its function in the cell. It appears necessary, therefore, to ascer- 
tain the properties of cholinesterase and, in order to test the new concept of 
the rdle of ACh in the mechanism of nervous action, to establish the identity 
of the enzyme in the variety of tissues that were used. The results obtained 
are to be described in this paper and others to follow. 


Methods 


The enzyme activity has been measured in the same way as described in 
previous papers (5, 6). The tissue is homogenized in ice-cold buffer ac- 
cording to the technique described by Potter and Elvehjem (7). The 
enzyme activity is then determined manometricelly in aliquot parts of the 
homogenate or of the supernatant fluid after centrifugation. The buffer 
contains NaCl in 0.15 m, MgCl, in 0.04 m, NaHCO; in 0.025 o final concen- 
tration. Mg has been chosen as the divalent ion required for cholinesterase 
activity, since it is more effective than Ca (8). The total volume of the 
fluid in the main compartment is 3.0 ml. The substrate is placed in the 


* This work has been aided by grants of the Josiah Macy, Jr., Foundation and the 
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side bulb in 0.1 mfF,-its final concentration after the mixing being about 
0.015 m (see below). 
The determinations with tissues of warm blooded animals were carried 


out at 37°, with those of cold blooded animals at room temperature (21-23°), 


Results 

Cholinesterase is, by definition, the enzyme which has the function of 
hydrolyzing ACh. This choline ester is present in tissues, and its presence 
may be detected in perfusion fluids following nerve activity. 

As the ester linkage in ACh shows no peculiarity, it must be assumed that 
it can be broken by other esterases which are widely spread in the organism. 
This was already pointed out by Stedman, Stedman, and Easson (9). For 
the same reason, it appears improbable that cholinesterase is so highly 
specific that no other ester linkage is attacked by it. Specificity in this case 
must be expected to be only relative, not absolute. Cholinesterase, in con- 
trast to other esterases, should hydrolyze the particular substrate ACh at a 
higher rate than other esters, but it may split other esters as well, only ata 
lower rate. In order to ascertain such a relative specificity of an enzyme, it 
is necessary to compare the rates of hydrolysis of different esters. Only 
then may a picture be obtained enabling a proper distinction of the enzyme 
studied. 

Choline esters closely related to ACh but with longer acy! chains appeared 
to be suitable compounds for testing the specificity. The rates of 
hydrolysis of propionyl- and butyrylcholine were compared to that of ACh: 
Among the many other known choline esters, carbaminylcholine and acetyl- 
8-methylcholine were tested, since both have pronounced pharmacological 
actions and are therefore of interest. Besides these choline esters, the rate 
of hydrolysis of benzoylcholine was studied, since it has recently been re- 
ported not to be split by brain esterase (10). The hydrolysis of all these 
esters by cholinesterase has been investigated repeatedly, the most com- 
plete study being that of Glick (11). The reasons why some of the previous 
investigations appear unsatisfactory will be discussed later. 

Among the known non-choline esters, tributyrin and methyl-butyrate 
hydrolysis were also investigated. These two esters were first used by 
Stedman et al. (9) and later by other investigators in studies on the speci- 
ficity of cholinesterase (12, 13). 

Cholinesterase in Nerve Tissue—Those tissues were selected which were 
essential in the previous studies of Nachmansohn and associates in laying 
the basis for the new concept of the rdle of ACh in the mechanism of nervous 
action: (1) Mammalian brain. During the years 1937-39, it was estab- 


' We are greatly indebted to Dr. H. M. Wuest of Hoffmann-La Roche, Inc., for the 
preparation of these compounds for these investigations 
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lished that the concentration of cholinesterase in brain is sufficiently high to 
split significant amounts of ACh during 1 millisecond, 7.¢., the duration of 
the passage of a nerve impulse (6). (2) The abdominal chain of lobster. 
It has been shown with these fibers which are not myelinated that the con- 
centration of cholinesterase rises 200 to 400 per cent in those regions where 
synapses are located (14). (3) Nerve fibers of the squid containing the 
giant axon. In experiments on the giant axon of squid it has been demon- 
strated that cholinesterase is localized exclusively at the neuronal surface, 
whereas the axoplasm has practically no cholinesterase activity (15). (4) 
The electric organs of Torpedo and Electrophorus electricus. In experiments 
on these organs, a quantitative parallelism was found between the voltage of 
the action potential developed in these organs and the activity of 
cholinesterase (16, 17). 

In the studies on the concentration of cholinesterase in brain, it was found 
that the concentration varies considerably in the different centers and dif- 
ferent species, although remarkably constant for each center and each 
species (6). Therefore, not only brain tissue of several species has been 
used but also two tissues of the same brain but from different centers have 
been compared: cortex with a low and nucleus caudatus with a high con- 
centration of cholinesterase. 

Table I summarizes the data obtained. All these nerve esterases show 
essentially the same pattern. No substrate tested is split at a rate higher 
than ACh. Propionylcholine is split either at about the same or a lower 
rate. Butyrylcholine is split at a rate much lower than ACh or even not at 
all (by the enzyme of electric tissue). Of the two pharmacologically active 
esters, carbaminylcholine and acetyl-8-methylcholine, the first is not split. 
at all, the latter at a rate considerably lower than that obtained with ACh 
assubstrate. ‘The rate varies usually between 30 and 60 per cent of that of 
ACh. None of the esterases of nerve tissue splits benzoyicholine. The 
data obtained with carbaminy!choline are not recorded, since this compound 
is not split either by these or by any other esterase tested. 

The non-choline esters, tributyrin and methyl] butyrate, are not split by 
the cholinesterase of the electric tissue and of the invertebrate nerve tissue. 
The extract from the mammalian brain does split these esters but at a low 
rate. Although this is compatible with the assumption of a relative speci- 
ficity as defined above, it is possible that in mammalian brain some 
unspecific esterase exists besides cholinesterase. Some data obtained with 
the enzymes of nucleus caudatus and cortex of ox are in favor of such an 
assumption. Tributyrin is not split by the cholinesterase of nucleus 
caudatus but apparently is split by that of the cortex. Such a result ap- 
pears surprising, for it is difficult to assume that the properties of cholin- 
esterase in the same brain should differ in two different centers. Since the 
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concentration of cholinesterase is high in the nucleus caudatus, the extract 
has to be diluted 10 to 20 times more than that of the cortex in order to get 
adequate amounts of enzyme into the manometric vessel. The lack of 
hydrolysis of tributyrin by the extract of the nucleus caudatus could be due 


TABLE | 
Verve Esterase; Rate of Hydrolysis of Different Substrates by Various Nerre Tissue 
Extracts 
(Pr = propionylcholine, Bu = butyrylcholine, Me = acetyl-8-methylcholine 
(mecholyi), Be = benzovlicholine, Tr = tributyrin, Mb = methyl! butyrate). Qac 
is always 100 


Equivalent} ACh 0, =— —£-mm. COs substrate z 


: . - : - - = MIM 
weight of :hydrolysis;|) “* c.mm. CO: of substrate ACh ~ oe 





—— Tissue tissue per} COr in ; e © wea it 
vessel | 20min. | Op, | OBu| Ome | OBe | Orr | Crm 
me | ¢.mm. 
Rat Brain (whole 150 19 104 19 38 0 
170 70 113} 22 133 | O 
140 137 41 lI 
140 125 47 1] 
Mouse : 96 106 YS 12 53 0 38 1] 
Ox Nucleus 38 113 75 | 25 | 31 ] 1 | 16 
caudatus 
Cortex 104 Ss] O4 43 25 
200 163 76 15 35 l 
Cat Nucleus 25 122 79 14 2 0 14 5 
caudatus 
Torpedo Electric 2 117 5 0 23 0 0 0 
organ 137 30 0 30 0 0) 0) 
Electrophorus “ “9 2.9 257 97 l 22 0 0 () 
electricus 
Lobster Abdominal! 31 13 75 14 6b 0 
chain 3! 31 9] 17 Sl 0 
a eb 3; 8 
Squid Ganglion 2 165 51 17 53 0 0 0) 
Fibert 204 77 $8 0 


* Freshly homogenized tissue, not centrifuge 


+t Containing the giant axon 


to the insufficiency of the unspecific enzyme to produce an effect. This 1s 
in contrast to the cortex, in which the dilution is not as great. 

In order to test this assumption, the hydrolysis of tributyrin has been 
measured with equal weights of homogenized nucleus caudatus and cortex of 
ox. In this case the rate of hydrolysis of tributyrin is exactly the same with 
both tissues. As an example, the data of one experiment are given: 100 
c.mm. of CO, were developed in 20 minutes by 244 mg. of nucleus caudatus 
and 155 e.mm. of CO, by 238 mg. of cortex. 
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It is not impossible that with larger amounts of other nerve tissues other 
esterases may be detected also. This is obviously irrelevant for the prob- 
lem investigated here. 

Purified and Unpurified Cholinesterase—In view of this observation, the 
question may arise whether the pattern found for nerve esterases could be 
due, to some extent at least, to the presence of small amounts of other 
esterases. It appears, therefore, of interest to test the properties of a 
purified preparation of cholinesterase. 

Such a preparation has been described by Nachmansohn and Lederer 
(18). The electric organ of Torpedo marmorata was used as material. The 
enzyme in this organ, as shown in the preceding paragraph, is specific 
cholinesterase. This is therefore the first purified preparation which can be 
considered as cholinesterase. Serum esterase, which was previously used 
as material for purification by Stedman, Stedman, and Easson (9) and later 
by other investigators, does not contain esterase specific for ACh (see 
below). 

In the preparation obtained by Nachmansohn and Lederer, 1 mg. of 
protein was able to split 100 mg. of ACh per hour. With the electric tissue 
of Electrophorus electricus the purification of cholinesterase has been con- 
tinued to a degree at which 1 mg. of protein splits 3000 mg. of ACh per hour. 
In order to obtain a notion of the degree of purity, it may suffice to say that 
in fresh horse serum | mg. of protein splits about 0.5 mg. of ACh in 60 
minutes. The methods of purification and the physical and physico- 
chemical properties of this purified enzyme will be described in a separate 
paper. 

Table II gives the rate of hydrolysis obtained with this purified prepara- 
tion No. 710. Also, another preparation is described, 1 mg. of which splits 
1400 mg. of ACh per hour (Preparation 217). With all substrates used the 
rate of hydrolysis with both preparations is identical with that obtained 
with the fresh homogenate recorded in Table I. There the homogenized 
electric tissue was put directly into the manometric vessel, in the same way 
as in the experiments in which the parallelism between voltage and enzyme 
activity was established. The identity of the two patterns is of particular 
significance in view of this parallelism. Since after purification to such a 
high degree the enzyme still shows the same properties, the results are con- 
sistent with the conclusion that the enzyme determined in these investiga- 
tions is really exclusively cholinesterase. The concentration of this 
enzyme, therefore, may well be used as an indication of the rate of the 
metabolism of ACh, and the parallelism between cholinesterase concentra- 
tion and voltage established becomes particularly pertinent. 

Unspecific Esterase—In order to establish the difference between cholin- 
esterase and other esterases, three tissues were studied in which there was 
no reason to assume the presence of cholinesterase other than that small 
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fraction due to the presence of nerves. Liver, kidney, and pancreas were 
selected. The data obtained are recorded in Table III. 

The pattern differs distinctly from that of cholinesterase. In contrast to 
nerve esterase ACh is not the compound split at the highest rate. 
Propionyl!- and butyrylcholine are split more rapidly. The kidney esterase, 


TaBLe II 
Purified Cholinesterase from Electric Tissue of Electrophorus electricus; Rate of 
Hydrolysis of Different Substrates 
Abbreviations of substrates as in Table I. 1 mg. of protein of Preparation 217 
splits 1400 mg. of ACh per hour and in Preparation 710, 3000 mg. of ACh per hour. 
Qach = 100. Qpe, Orr, and Qu» are zero with both preparations 


: r ACh hydrolysis; CO: 
Preparation No. in 90 win, Opr Cpu OMe 
C.mm. 
217 104 101 3 31 
710 107 109 l 18 
Taste III 
Tissue Esterases; Rate of Hydrolysis with Different Substrates 


Abbreviations of substrates as in Table I. 


Qach = 100. 





Equivalent ACh hy- 


Species | Tissue | Jomeper| ‘Coin’ | Opr | OBu| Ome | Ope | Orr | Ome 
vessel | 20 min. 
még. | c.mm. 
Rabbit Liver 152 | 69 145 | 135 | 52 3 
775 207 124 11 
324 126 128 69 19 0 
355 159 | 13 3 
Guinea pig Pancreas 12 128 | 194 | 231 2] 68) 24 
26 237 | 17] 4); 61 23 
12 143 | 215 27 
10 86 40) 
Kidney 102 12 270 | 415 | 0 | 224; 149 
264 51 372 | 240 68 | 26 
320 15 208 | 327 12 37 30 


or esterases, splits butyrylcholine even at a higher rate than propionyl- 
choline and about 300 to 400 per cent faster than ACh. Acetyl-8-methyl- 
choline is split at a low rate by the esterases present in kidney and pancreas, 
whereas the enzyme of the liver splits this compound at a rate comparable 
to that observed for cholinesterase. .Benzoylcholine is split by all three 
enzymes; at a conspicuously high rate, however, by rat kidney extract. 
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Carbaminylcholine is not attacked at all, neither by cholinesterase nor by 
the other esterases tested thus far. 

Tributyrin and methyl! butyrate are hydrolyzed at a rate which is only 
one-fourth to one-third that of ACh. Here again are two exceptions: kid- 
ney extracts split tributyrin at a rate similar to that of ACh; rabbit liver 
extract seems to have little or no action on methy] butyrate. 

The effects observed with different tissue esterases are not as uniform as 
with the cholinesterase of nerve tissues. This is not surprising. For 
cholinesterase ACh is the physiological substrate. The physiological sub- 
strate of the other esterases is unknown and is most likely not the same in 
the different organs. It appears probable that there exist a variety of 
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Fic. 1. Pattern of cholinesterase (nucleus caudatus of ox) in presence of different 
substrates compared to that of an esterase (kidney) not specific for acetylcholine. 
The columns represent the Q of the substrates, the Q of ACh being 100. Abbrevia- 
tions are as in Table I. 


esterases and possibly a mixture. All the substrates used are not physiolog- 
ical compounds, except ACh, and serve here only as a means of distinction. 
In spite of all variations, there is a general pattern which distinguishes all 
other esterases from cholinesterase. The use of one or two compounds is, 
however, not sufficient and any rigid statement should be avoided in the 
case of an enzyme with relative specificity. But if a number of substrates 
are tested, a satisfactory answer may be obtained to the question of whether 
or not an enzyme is specific cholinesterase. In Fig. 1 two typical patterns 
are reproduced which demonstrate the contrast between cholinesterase and 
other esterases. 

Esterases in Human Blood—Blood serum has been used in much of the 
work on cholinesterase, both in specificity studies and in investigations on 
variations of the enzyme activity in various physiological or pathological 
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conditions, especially in disorders of nervous function. Stedman ef al. (9 
found that horse serum, after purification by means of ammonium sulfate 
precipitation, changes its ratio of activity towards esters of simple alcohols 
and choline esters respectively, the latter being split at a relatively higher 
rate by the purified enzyme. Butyrylcholine was split by both preparations 
at a higher rate than ACh. The authors considered this purified prepara- 
tion a specific cholinesterase and different from the enzyme splitting ali- 
phatic esters. The existence of twodifferent esterases has been confirmed by 
Richter and Croft (13). Using a great variety of choline esters and othe 
substrates, Glick (11) tested the specificity of cholinesterase on unpurified 
horse serum and arrived at the conclusion that the enzyme tested is un- 


specific. 


TABLE I\ 
Esterases in Human Blood Serum and Red Blood Cells; Rate of Hydrolysis with Differen 
Substrates 
Abbreviations as in Table I. The serum was diluted about fifteen to thirty times, 
the hemolyzed red blood cells about 50 times. Qach = 100. 


ACh hy- 
Material Coie | OP: OBu Ome OBe OT; Omp 
20 min. 
¢.mm. 
Serum 181 191 | 279 68 90 
115 175 °66 0 52 i06 9 
264 | 4 6 
Red blood cells 128 87 | 39 11 9 
117 g 5 
159 76 7 38 2 18 | 6 


In human plasma Vahlquist (12) was unable to separate the esterase split- 
ting ACh and the aliphatic esters. He concluded from his observations that 
in human plasma the same enzyme is responsible for the hydrolysis of ali- 
phatic and choline esters and that there is no evidence for a specificity of this 
enzyme towards ACh. Applying different kinds of evidence, Easson and 
Stedman (19) and Richter and Croft (13) all arrived at the same conclusion, 
that in human serum only one esterase is present. 

In Table IV are recorded the data obtained with human serum by use of 
the different substrates to distinguish between specific and unspecific es- 
terases. The pattern obtained is that of the enzymes not specific for ACh. 
This is in agreement with the conclusion of Vahlquist. 

Alles and Hawes have provided evidence that the esterase present in 
human red blood cells differs from that in serum in several respects (20). 
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According to Richter and Croft the cholinesterase of human blood cells is 
completely specific in its action on ACh, the activity towards tributyrin and 
methyl butyrate being less than 3 per cent of that towards ACh, in contrast 
to the serum esterase. The figures recorded in Table IV show that the 
hydrolysis pattern of red blood cells is similar to that of cholinesterase, al- 
though with some small, probably insignificant, deviations. This speci- 
ficity is in agreement with the conclusion of Richter and Croft. The phy- 
siological significance is at present not clear. 

Muscle Esterase—It is possible that propagation of an impulse in muscle 
is similar in nature to that in nerve fiber. It is therefore of interest to know 
whether the esterase present in muscle is cholinesterase. 

Nerve-free parts of cat and rabbit gastrocnemius have been used as 
material. If only slices near the upper and lower surfaces of the middle 


TABLE V 
Esterase in Striated and Heart Muscle; Rate of Hydrolysis with Different Substrates 
Abbreviations as in Table I. The tissue is homogenized, but not centrifuged. 
Qach = 100. Benzoylcholine is not hydrolyzed by any of these preparations. 


Equivalent ACh | 
ae weight of | hydrolysis; | 
Species Muscle tissue per | COsin | OBu | OMe 
vessel 90 min. | 
mg. ¢.mm. ! 
Cat | Gastrocnemius (nerve-free 376 60 2 | 2 
Rabbit " ¥ " 376 89 15 49 
Ox Heart (apex 310 64 41 21 
320 78 33 40 


part of the interior section are taken, the muscle tissue is practically free of 
nerves and nerve endings, as shown previously (21). Microscopic controls 
were made. The data obtained indicate that the enzyme is cholinesterase 
(see Table V). ‘This is also the case with esterase present in the apex of ox 
heart muscle. 

The concentration of cholinesterase in muscle fibers is low (22), but the 
conducting surfaee per unit of weight is small. As repeatedly emphasized, 
the presence of a specific enzyme alone does not permit any conclusion as to 
its function; only in connection with other facts may an interpretation 
become possible. But it permits the assumption that the substrate has a 
function in the cell, whereas the absence of the enzyme would make such an 
assumption unlikely. 

Optimal Substrate Concentration of Cholinesterase—Marnay and Nach- 
mansohn found, in 1937, the optimal concentration of ACh for the mano- 
metric determination to be close to 10-? m (22). In controls carried out 
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repeatedly since then with a great variety of nerve tissues, this substrate 
concentration was always found to be close to the optimum. With lower 
substrate concentrations the rate of hydrolysis decreases rapidly. If the 
rates are plotted against the logarithm of the molar concentration, an S- 
shaped curve is obtained. This is in agreement with the observations of 
Michaelis and Menten on the interrelationship between enzyme activity 
and substrate concentration (23). With a concentration higher than 2 x 
10-? m the rate of hydrolysis decreases. This depressing effect, with sub- 
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Fic. 2. Rate of hydrolysis of ACh by cholinesterase of various nerve tissues as 
a function of substrate concentration. Ordinates, c.mm. of CO, liberated in 15 or 20 
minutes; abscissae, log of molar concentration of ACh. O whole brain (mouse), 
@ cortex (ox), A nucleus caudatus (ox), + squid ganglion, @ Preparation 217. Puri- 
fied enzyme from electric organ. 


strate concentration above the optimum, has already been observed in the 
case of other enzymes. The values obtained for the rate of ACh hydrolysis 
by cholinesterase of various nerve tissues as a function of substrate con- 
centration are recorded in Fig. 2. 

The depressing effect with concentrations above the optimum seems tw be 
less pronounced and not regular if other esterases are used. Fig. 3 shows 
that the pancreas esterase activity is not depressed and even increases 
slightly at the highest concentration used. Liver esterase, on the other 
hand, is depressed, although less markedly than cholinesterase. A marked 
difference is also observed between serum esterase and cholinesterase of the 
red blood cells, as shown in Fig. 4. This has been described by Alles and 
Hawes (20). Their values obtained with red blood cells are close to those 
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Fic. 3. Rate of hydrolysis of acetylcholine by blood esterases as function of sub- 
strate concentration. Abscissae and ordinates are as in Fig. 2. ©O red blood cells; 


+ Serum. 
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Fic. 4. Rate of hydrolysis by tissue esterases (rabbit liver and guinea pig pancreas) 
as function of substrate concentration. Abscissae and ordinates are as in Fig. 2. 
O pancreas; + liver. 


recorded here. In the case of serum esterase, the rate of hydrolysis as a 
function of substrate concentration increases more rapidly in the ex- 
periments described here. The difference may, however, be due to the 
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fact that not only the method used but also the experimental conditions 
differ in several respects 

In these observations, the enzyme concentration is adequate for the 
manometric method used and is therefore always of the same order of 
magnitude. In most cases about 60 to 120 c.mm. of CO, are liberated in 
15 to 20 minutes with optimal substrate concentration. With other 
methods, a different enzyme concentration may be more adequate and may 
lead to a shift of the optimal substrate concentration. 

Mendel and Rudney (24) recently claimed to have evidence for the exis- 
tence of a pseudocholinesterase as distinguished from the true cholin- 
esterase. According to these authors, there is ‘‘a decisive difference 
between the two esterases, calling for a sharp distinction.”” The pseudo- 
cholinesterase exhibits its maximum activity at high concentration of ACh 
(above 300 mg. per 100 ml. = 2 X 10- m); the true cholinesterase displays 
its maximum activity at low substrate concentrations (below 3 mg. per 100 
ml. = 2 X 10-*m). These results of Mendel and Rudney are in contrast 
to the facts described here and to all previous results of Nachmansohn and 
associates. They appear to be due to the adoption of conditions unsuitable 
for the method used; the values for the rate of hydrolysis by the true cholin- 
esterase are obtained in a 2 minute period after addition of the substrate to 
the enzyme ((24) Table VII). During that period thermal equilibrium is 
not vet reestablished and the values are meaningless. This difference of 
enzyme activity at low and high concentrations, which is the essential dis- 
tinction between “pseudo” and “true” cholinesterase, thus seems to be 
baseless 


DISCUSSION 


The most important result of the data presented is the evidence that the 
enzyme in the various nerve tissues on which the physiological réle of ACh 
was studied is a specific cholinesterase. Thus, the conclusion appears 
justified that the enzyme activities determined may be used as an indica- 
tion of the ACh metabolism. The observations therefore lend further es- 
sential support to the new concept of the rédle which ACh may have in the 
mechanism of nervous action. 

This concept has been criticized by Glick (25) as being a “theoretical 
structure” on the ground that there does not exist a specific cholinesterase 
and that, therefore, the enzyme activities studied do not permit any con- 
clusion concerning ACh metabolism. Glick’s statement is based on his 
specificity studies in which unpurified horse serum was used. From the 
results described by previous investigators, no specificity could be expected 
in that case. The rates obtained with the different substrates for the 
esterase in human serum described above are in agreement with those ob- 
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tained by Glick with horse serum. But it is difficult to see what connection 
this material should have with the mechanism of nervous action. Since, 
according to the new concept, the release and removal of ACh are considered 
as an intracellular process, only the esterase present in nerve tissue is of 
interest. 

It is remarkable that the cholinesterase in all nerves is not only specific 
for ACh but seems to have similar properties, whatever the source of the 
material may be, mammalian brain or invertebrate nerve or electric organ 
of fish. It is, of course, possible that with a greater variety of substrates 
some difference may be detected. Other properties, among them, for in- 
stance, the action of ions or the affinity to drugs, may also vary according 
to the material used. The study of these problems is being carried out and 
will be described in papers to follow. The patterns obtained are sufficient 
to warrant the special nature of the esterase of nerves, in which ACh is 
known to be the substrate, in contrast to the esterases in other tissues in 
which the substrates are unknown. 


SUMMARY 


1. By testing the action of an esterase on a number of substrates, a 
pattern may be obtained which makes it possible to distinguish the specific 
cholinesterase from other esterases. The main feature of cholinesterase is 
the fact that no other substrate is split at a higher rate than ACh. If pro- 
pionylcholine is the substrate used, the rate may still be the same; some- 
times itis lower. With butyrylcholine it is always markedly lower or some- 
times near to zero. Acetyl-8-methylcholine is split at a lower rate, 
carbaminylcholine and benzoylcholine not at all. Esters of simple alcohols 
are hydrolyzed either at a low rate or not at all. 

2. The other esterases probably present a variety of enzymes and their 
pattern is therefore less uniform. But all show definite differences if com- 
pared with cholinesterase and may hereby be easily distinguished. ACh 
is not the compound which is split at the highest rate. 

3. The esterase in all nerve tissues is either exclusively or predominantly 
cholinesterase. Those nerve tissues have been tested which in previous 
studies had provided evidence for a new concept of the réle of ACh in the 
mechanism of nervous action: mammalian brains of different species, ab- 
dominal chain of lobster, squid ganglion and axon, and electric tissue of 
fish. 

4. No difference is found between the properties of the esterase of freshly 
homogenized electric tissue and that obtained after purification to a high 
degree. This supports the view that the parallelism between voltage and 
enzyme activity observed in electric fish indicates a parallelism between 
voltage and ACh metabolism. 
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5. Observations of previous investigators are confirmed that the esterase 
in human serum is unspecific, and that in the red blood cells is specific for 
ACh. 

6. The esterases in striated and heart muscle both free of nerve endings 
show a pattern typical of cholinesterase. 

7. Some observations are described on the rate of hydrolysis as a func- 
tion of substrate concentration. 
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Recent investigations by Behnke (1) on the physical fitness of military 
personnel have emphasized the importance of fat in body composition and 
function, particularly in relation to the phenomenon of “bends.”’ Further- 
more, the importance of expressing the various tissue components and func- 
tions on a fat-free basis has been stressed by many workers, e.g. Hastings (2). 

In view of the low density of fat when contrasted with that of the other 
body constituents, some relationship between the amount of fat in an 
individual and his whole body specific gravity is to be expected. Methods 
for determining corporeal specific gravity are described by Bohnenkamp 
and Schmah (3), Jongbloed and Noyons (4), and Behnke, Feen, and Wel- 
ham (5). The workers last named consider body density an index of 
obesity. Their method is based upon a water displacement technique and 
appears to be the most simple and reproducible thus far advanced for 
measuring body density in man. 

Tester (6) has shown that the relationship of the oil content (ether ex- 
tract) to a factor based on body specific gravity is linear in herring. Up to 
the present, however, there have been no simultaneous analyses relating 
the body fat content of mammals to their body specific gravity. 

It is apparent that the specific gravity method of determining whole 
body fat requires experimental validation with gravimetric fat analysis. 
We have attempted to do this using guinea pigs, the specific gravity of 
which was determined by water displacement and the fat content by petro- 
leum ether extraction. 


EXPERIMENTAL 


50 normal male and female guinea pigs with wide variation in weight and 
fat content were selected from stock animals and killed by a blow on the 
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or the naval service at large. 
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head. The viscera were dissected out, leaving only the kidneys and genital 
organs with surrounding fat. The hair was removed with animal clippers. 

Specific gravity was determined on the eviscerated animal by the water 
displacement method. A Harvard trip balance was supported over a tank 
of water and the carcass was weighed in air to the nearest 0.1 gm. By 
means of a long hook attached under the balance the carcass was suspended 
and weighed under water. Care was taken that no bubbles of air were 
trapped in the body. The difference in weight was equivalent to the 
number of cc. of water displaced, and the specific gravity of the animal 
could be calculated readily according to the formula, specific gravity = 
(weight in air)/(weight in air minus weight in water). No attempt was 
made to correct for the density change of water with temperature, as this 
proved to be negligible. 

The complete carcass, including skin, was chopped with a cleaver into 
pieces approximately 1 inch square. This was accomplished more easily 
when the tissue was chilled; so before and after chopping, the tissue was 
kept in a refrigerator at —8°. Some drying of the tissue also resulted from 
this step. 

The pieces of tissue were next spread in layers in vacuum desiccators, 
and the latter were attached to a Stokes cryochem apparatus. By this 
means the tissue was dried under a vacuum and below room:temperature 
for 48 hours. 

The presence of much body fat gave a soft oily appearance to the tissue 
even though practically all the water had been removed, and made further 
subdivision of the tissue difficult. Consequently, when the body specific 
gravity was found to be below 1.080, some fat was preextracted from the 
dried tissue pieces by allowing them to stand under ether overnight, and the 
extracted tissue residue was redried and weighed. The weight of the fat 
extracted was noted and considered in the final percentage. This preex- 
traction of the tissue pieces facilitated their pulverization as described 
below. 

Attempts at drying the original tissue pieces to constant weight proved 
unsatisfactory for dry weight determination. Therefore, the dry weight 
values were reckoned as the sum of the fat-free dry weight plus the total 
weight of extracted fat. The nine leanest animals in the series (?.e., those 
whose specific gravity was above 1.080) were not crudely preextracted, and 
the water percentages on these animals were somewhat low because the 
tissue apparently could not be dried as completely as that which had been 
preextracted. 

The dried guinea pig tissue, which included the entire skin and skeleton, 
could be ground into a homogeneous powder by putting the dried tissue 
pieces through a Wiley laboratory mill equipped with a 2 mm. mesh sieve, 
and thoroughly mixing the product. Thus, it was possible to use aliquot 
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samples of the entire carcass for the fat analysis. Readily reproducible 
values for fat content could be obtained on dried powder samples of 0.2 
to 0.5 gm. 

Continuous fat extraction was carried out in a Soxhlet apparatus for 
24 hours with petroleum ether (b.p. 35-60°) as the solvent. The fat was 
determined by the difference in weight of the tissue powder before and 
after extraction. Small bags of fiberglas cloth were used to hold the powder 
and these permitted final drying, weighing, extracting, and reweighing 
witho: t transfer of the sample, as well as the simultaneous extraction of 
several samples in one Soxhlet chamber. 

The cloth and thread from which the bags were made were obtained 
from the Owens-Corning Fiberglas Corporation. The bags were approxi- 
mately 1 inch square, stitched on three sides, with a lucite solution applied 
to the cut surfaces to prevent fraying; the open end was closed with a flap 
which was folded over and fastened with a fine wire. This same wire was 
used to suspend the bags from small racks for drying the tissue powder in a 
desiccator. 

The fiberglas material was not hygroscopic and the bags could be dried 
readily to constant weight. The desiccated tissue was found to be some- 
what hygroscopic, but with reasonable care and speed in weighing repro- 
ducible weights could be obtained. 

On twenty-one of the guinea pigs in the series the specific gravity and fat 
content of the viscera, as well as of the eviscerated carcass, were determined. 
The viscera were rinsed thoroughly on removal and the entire intestinal 
tract, including the stomach and cecum, was emptied and cleaned. The 
lungs were discarded, since attempts to evacuate them were unsuccessful. 
The specific gravity of the viscera was determined by the water displace- 
ment technique, after which they were dried and analyzed for fat content 
as above. 


RESULTS AND DISCUSSION 


It may be noted from original data taken on the 50 guinea pigs (Table I) 
that the range of specific gravity measurements is from 1.021 to 1.096. 
These values correspond with the extremes noted by Behnke et al. (5) 
for man. 

The results of the fat analyses show a range of 1.5 to 35.8 per cent of the 
wet weight of the eviscerated carcass. When calculated as the percentage 
of the dry carcass weight, the range is from 5.0 to 66.8 per cent. 

The possible discrepancy introduced by determining specific gravity and 
fat content on eviscerated animals was checked by analyzing separately 
the eviscerated carcass and the viscera of twenty-one animals and calculat- 
ing the combined values. The data are plotted in Fig. 1. 

From Fig. 1 it may be seen that the fat content of whole animal is 
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TABLE I—Concluded 





Animal No. | Sex Live weight ——— ee Sp. gr. Total fat 
gm. gm. gm. | gm. 

160 M. 196 346.9 115.4 1.072 33.2 
161 F. 542 | was 135.1 1.062 49.9 
162 as 933 750.0 391.6 1.023 258.0 
163s as 800 612.2 277.2 1.0389 | 157.2 
164 | Mz. 907 | 747.0 371.5 1.031 | 229.3 
165 F. 986 768.2 411.8 1.021 275.0 
M. 690 539.0 212.0 1.073 69.0 


166 
equivalent to that of the eviscerated carcass over the entire range. This 
indicates that fat is probably laid down proportionately in the viscera 
compared with the remainder of the body. 

The case is slightly different with respect to specific gravity. It may be 
seen from Fig. 1 that the slope of the line representing the relationship of 
the whole animal specific gravity to that of the eviscerated carcass is not 
quite unity. This is to be expected, since the specific gravity of the viscera 
is less than that of the whole body. However, as the fat content increases 
the difference is lessened and becomes quite imperceptible. In any case 
the discrepancy is slight, owing to the small mass of viscera relative to the 
carcass, and in the lower range of specific gravity the values on eviscerated 
carcass may be taken as representative of the whole animal. This question 
is further discussed below. 

It should also be pointed out that the hair was clipped from the animals 
and discarded before any measurements except live weight were made. 
Hair was found to represent about 14 per cent of the original live weight 
and must be considered in any in vivo study on fur-bearing animals. The 
hair was removed for several reasons. In the first place, it tended to trap 
air bubbles when the carcass was being weighed under water, secondly, the 
quantity of hair varied from animal to animal, and thirdly, the clipped 
animal was more comparable to man. 

The relationship between total body fat per unit body weight and body 
specific gravity is expressed by Fig.2. As stated by Behnke (1), variations 
in body fat appear to be the chief determinant of body specific gravity. 

It is evident that the body specific gravity increases as the fat content 
decreases, and it can be shown (Paper II of this series (7)) that this is an 
inverse relationship; consequently, a plot as in Fig. 2 may be expected to 
represent the scatter about a rectangular hyperbola displaced along the 
principal y axis. 

A straight line fit was made by the method of least squares to the experi- 
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Fic. 1. The upper graph represents the per cent fat of the whole guinea pig plotted 
against the per cent fat of the eviscerated guinea pig. The lower graph represents the 
specific gravity of the whole guinea pig plotted against the specific gravity of the 
eviscerated guinea pig. The lines were fitted by the method of least squares 


mental values of fat content versus the inverse of the specific gravity and 


5.135 
% fat = 100 ( — 1004) (1) 


sp. gr. 


the equation 





represents the least squares hyperbola through the data in Fig. 2. The 
correlation coefficient was computed to be —0.972, and the standard error 
of y on z was 0.0187, or 1.87 per cent in fat content. 
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A theoretical derivation of the relationship between body fat and body 
specific gravity for the eviscerated guinea pig has been developed (7), and 
the curve represented by the theoretical equation also appears in Fig. 2. 
The equation for this curve is 


5.362 , 
% fat = 100 (= - 190) 2) 
sp. gr. 
It should be noted that the experimental curve is shifted to the left from 
the theoretical curve by somewhat more than the standard error of experi- 





















T T - 1 
40 = 4 
THEORETICAL | 
% FAT + 1005 362tep ay r 480q 
30+ STATISTICAL 4 
™ %FAT 10015138) 4.694) 
— 
20+ 4 
> 
oO 
© 
@ 
2 |Or “ 
i L iL. ‘ 
1.000 1025 L050 1075 1.100 


SPECIFIC GRAVITY 
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against the body specific gravity for the guinea pig. The equations for the lines were 
obtained as explained in the text. 


ment. This may be due to a small undetected constant error in the present 
specific gravity procedure. 

To correct for the slight discrepancy which exists between specific gravity 
of the eviscerated animal and that of the whole animal, a theoretical equa- 
tion for the whole guinea pig has also been derived (7) and may be written 


5.501 
% fat = 100 ( — — 5.031 (3) 
sp. gr. 





A comparison of the fat content, given in Table I, of the male guinea 
pigs with that of the female guinea pigs was made on a fat-free body wet 
weight basis. The seven largest males, on the fat-free basis, were omitted 
in order to make the, comparison over the same range of weights. The 
mean fat-free weight for the females was 378.9 gm., and for the males 388.8 
gm. The mean fat content for ‘:e females was found to be 14.5 per cent, 
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and that for the males 9.8 per cent. The difference was statistically 
significant, and appeared to be greater with the larger animals; 7.e., the 
larger females tend to contain more fat in proportion to the corresponding 
males than in the smaller size group. 

In view of the fact that the specific gravity range for guinea pig and man 
matches rather well, and because of the probably relatively small variation 


TaB_e II 


Conversion of Values for Body Specific Gravity of Man to Fat Content on Basis of 
Equation, Per Cent Fat = 100 (6.448/(Specific Gravity) Minus 5.044) 











a a s — 
1.002 49.3 1.052 23.0 
1.004 48.2 1.054 22.0 
1.006 47.1 1.056 21.0 
1.008 46.0 | 1.058 20.0 
1.010 44.9 | 1.060 19.0 
1.012 43.8 1.062 18.0 
1.014 42.7 | 1.064 17.0 
1.016 41.7 1.066 16.1 
1.018 10.6 | 1.068 | 15.1 
1.020 39.5 1.070 14.1 
1.022 38.5 1.072 13.1 
1.024 37.4 1.074 12.2 
1.026 36.3 | 1.076 11.2 
1.028 35.3 1.078 | 10.3 
1.030 34.2 1.080 9.3 
1.032 33.2 1.082 4 
1.034 32.2 1.084 7.4 
1.036 | 31.1 | 1.086 6.5 
1.038 30.1 1.088 5.5 
1.040 29.1 1.090 4.6 
1.042 28.0 1.092 3.7 
1.044 27.0 | 1.094 3.7 
1.046 26.0 1.096 1.8 
1.048 25.0 1.098 0.9 
1.050 | 24.0 1.100 0.0 








in the ratios of tissue components aside from fat in man as well as in the 
guinea pig, it appears possible to apply an equation similar to Equation 3 
for estimation in vivo of total body fat in man. 

Human fat has a density of 0.918 (Hodgman (8)), and from the data of 
Behnke et al. (5) a value of 1.10 may be estimated for the density of the fat- 
free human body. With these values as limits in the basic equations given 
in (7) it is possible to derive a provisional equation for the conversion of 
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human body specific gravity to the corresponding fat percentage. This 
equation is found to be 


5.548 
% fat = 100 (2 - 501) 4) 


Thus direct substitution in Equation 4 of values for body specific gravity 
of man obtained by the method of Behnke, Feen, and Welham (5) would 
yield values for total body fat. 

By means of Equation 4, Table II has been constructed, from which 
values of fat content may be read for body specific gravity of man in the 
range of 1.002 to 1.100. As mentioned previously, Behnke et al. (5), in 
their study of the body specific gravity of 175 naval personnel, found a 
range of 1.097 to 1.021.for the group. From Table II it may be seen that 
this represents a range of fat content of 1.4 per cent to 39.0 per cent of the 
body weight. It is also of interest to note that Behnke et al. divided the 
subjects into three groups on the basis of the specific gravity, these being 
less than 1.060, from 1.060 to 1.074, and above 1.074. The corresponding 
fat contents are respectively greater than 19.0 per cent, from 19.0 per cent 
to 12.2 per cent, and less than 12.2 per cent. 


It is with considerable pleasure that we acknowledge the kind suggestions 
and great interest of Captain A. R. Behnke (MC) U. 8. N., during the 
entire course of the work, and also the generous assistance of Lieutenant 
(j.g.) Manuel F. Morales, H(S), U. S. N. R., in the preparation of the 
manuscript. 

SUMMARY 

1. Methods are described for the determination of body specific gravity 
of guinea pigs by water displacement and their total body fat content. 

2. The data are presented for a series of 50 normal animals for which 
specific gravity of the eviscerated body ranged from 1.021 to 1.096, and 
whose fat content varied from 1.5 to 35.8 per cent of the body weight. 

3. The experimental relationship between eviscerated body specific 
gravity of the guinea pig and body fat was found to agree closely with a 
theoretically derived relationship which may be expressed by the equation, 

% fat = 100 (= _ 1.90) 
sp. gr. 

4. A sex difference in fat content is demonstrable when the animals are 
compared on a fat-free body weight basis. The female guinea pigs averaged 
4.7 per cent more fat than the males. 
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5. It appears possible to apply an equation similar to that for the guinea 
pig for estimates of total body fat in man. The equation is 


5.545 
% fat = 100 ( _—— - 5011) 
sp. gr. 


Table II, based on this equation, is also given for the conversion of specific 


gravity of man to per cent body fat. 
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Il. THEORETICAL CONSIDERATIONS REGARDING THE MAJOR BODY 
TISSUE COMPONENTS, WITH SUGGESTIONS FOR 
APPLICATION TO MAN* 


By MANUEL F. MORALES,+t EDITH N. RATHBUN,{ ROBERT E. SMITH,§$ 
anp NELLO PACE$ 


From the Naval Medical Research Institute, Bethesda, Maryland) 


(Received for publication, January 11, 1945) 


The mammalian body can be regarded as consisting of certain major 
phases: fat, bone, muscle, skin, nervous and visceral tissue. To be sure 
there are heterogeneities within each phase, but these are negligible in 
comparison to the differences in individual properties of the phases. 
Physiological experiments on intact animals frequently depend for their 
success on knowledge of how much of each of these components is present. 
To measure the relative proportion in the intact animal requires an indirect 
method. The present work is concerned with the theory and use of one 
such method. 

Theoretical Considerations—It is assumed (1) that the fat component is 
the one subject to wide variation, while the proportions of other com- 
ponents to some standard component, say bone, are relatively constant (2). 

In terms of the following notation, 


M,; and D; = mass and density respectively of fat 
‘ cc cc ce 


M,andD, = ‘* ‘* bone 
M,ardD,= “* “ - " ** muscle 
M,andD, = “* ” " " ** skin 
M,andD, = “ se s _ ** nervous tissue 


W = weight of animal 


and it is assumed that (a) muscle, skin, and nervous tissue are (in the adult) 
constant fractions, k, of the mass of bone, or, symbolically, 


Ma = knMy (1) 
M, = kM, (2) 
M, = kM; (3) 





* The opinions or assertions contained herein are the private ones of the writers 
and are not to be construed as official or reflecting the views of the Navy Department 
or the naval service at large. 

t Lieutenant (j.g.), H(S), U. 8. N. R. 

t Lieutenant (j.g.), H(W), U. 8. N. R. 

§ Lieutenant H(S), U. S. N. R. 
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and that (b) the densities of skin and nervous tissue are approximately the 
same as that of muscle: 
D, = DD, = Da j 
From the notation and Assumptions 1 to 4, the following equations are 
obtained: the total mass of the body is 


W=M;+M,+Mat+M,+M, = My + Mi(l + kn + ke +! 5 


and the average density, G, of the body is 


nes WwW ied ig W Lal - 
a i ie. ae ee oe ( |. &t+h+ ts) : 
a me | A eS 
D*D*D.* DD D oo Ye Dn 


If km + ke + k, = K, Equations 5 and 6 are readily solved for 


(8 Dn + np 








M;_ \ G DDn | (7) 
AR (’ + K _ Dn+ KD, 
D; DD» 
VW, ] ( W ' 
- = -fl—_— — §) 
W 1+K W 
Mu kn ur) 
en -_ = l om 9) 
W 1+ kK W 
M, k, ( wi) 
— = -f1-—- — 10) 
W 1+ K W 
M,, k, M; 
Fs ss => = (11) 
W 1+K ( i) 


Thus, the gross composition of the animal may be determined from a 
knowledge of (1) the weight of the animal, (2) the body density of the ani- 
mal, (3) the densities of fat, muscle, and bone, and (4) the ratios of muscle, 
skin, and nervous tissue to bone. In what follows, Equations 7 to 11 are 
established, and their use in the study of human body composition is indi- 
cated. 

Fat Content of Eviscerated Guinea Pigs—On an animal such as the guinea 
pig it is possible to determine the body composition directly, as well as to 
calculate it theoretically, thus comparing the two vales for a test of the 
theory. 

In Paper I (1), the relationship of 1/,/W to G in hairless, eviscerated car- 
casses was determined by direct methods, yielding what is in effect a plot 
of Equation 7. Even without analysis, the plot furnishes an obvious poit 
of justification (see Fig. 1). Equation 7 predicts that the plot of /,/W 
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versus G should be a rectangular hyperbola! displaced from its principal 
© axis. 
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Fic. 1. The abscissa, G, represents the body specific gravity of the guinea pig, and 
the ordinate, M;/W, represents the ratio of fat to body weight. The equation for 
the statistical line was obtained as described by Rathbun and Pace (1). The equa- 
tion for the theoretical line is discussed in the text. 


The theoretical curve of M;/W also appears on Fig. 1, and ‘will be dis- 
cussed after consideration of other quantities necessary for the compu- 
tation. 


1 That the nature of the relationship between the mass of any body component and 
the average body density is not linear but hyperbolic is deducible from purely dimen- 
sional considerations. The per cent of any component has the dimensions (M),/(W), 
and the average density has the dimensions (W)/(V). If the relationship were 
linear, the constant of proportionality would have to be (M).(V)/(W)(W), while if 
the relationship were hyperbolic, the constant of proportionality would then be 
(M)-/(V). In the former case, the complexity of the constant and the fact that it 
contains the dimensions of one of the supposed variables argue against the assump- 
tion. The second is therefore favored as the simpler and more reasonable alter- 


native. 
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EXPERIMENTAL 

Densities of Tissues—The density of muscle was determined (3) by match- 
ing with standard CuSQ, solutions. The mean of determinations on thirty 
animals was 1.066. 

By direct determination, the density of general body fat obtained by 
extraction was found to be 0.912. That there is no significant difference 
between the densities of perirenal, intermuscular, and subcutaneous fat can 
be inferred from the fact that the CuSO, method gives respectively 0.927, 
0.921, and 0.921 for these composite tissues. 

The average density of the entire skeleton was determined on three 
guinea pigs. For this purpose all the bones were dissected out and cleaned 
individually, and the displacement of water by the entire mass measured. 

The results agreed well among themselves: 1.430, 1.441, and 1.433 
(mean = 1.43), and with the data of Tsai and Lin (4) for non-cleft bone. 
These authors also give the density of nervous tissue as between 1.04 and 
1.05, a fact which made possible Assumption 4. 

Direct determination of the density of shaved skin, scraped clean of sub- 
cutaneous fat, gives 1.06, and shows that the actual amount of skin is 40.4 
per cent of the “skin”’ (including hair) removed in the usual skinning opera- 
tion. It is also of interest to note that skin density may be calculated as 
follows:? From the data of Williams (5), and if the density of protein is 
assumed to be about 1.25 (6), the following composition is obtained: water 
66, protein 25, fat 7, inorganic salts, etc., 2 (total 100) gm.; approximate 
volume, 66, 20, 8, and 0 (total 94) cc. respectively. Whence the average 
density is 100/94 = 1.06. This figure is in close agreement with that ob- 
tained by actual measurement and further substantiates Assumption 4. 

Ratios k,,, k,, and k,—The ratio of muscle mass to bone mass, k,,, was de- 
termined in the same three animals referred to above. So far as was possi- 
ble the entire musculature was dissected out, freed of fat, and collected 
for weighing. From the data of Table I, a mean value of 5.34 was obtained 
for kn. 

A value for k, can be determined from the weight of bone and of skin 
freed of subcutaneous fat and hair by multiplying the “skin” weight by 
(0.404 as stated above. The mean was found to be 1.95. 

k, defies simple, direct determination; consequently, its value was 
obtained by indirect means. Judging from a comparison between the 
diameters of peripheral nerves and the girth of the cord, it is estimated that 
the peripheral nervous system is about two-thirds the mass of the cord. 
Thus, one may arrive at*an estimate of the mass of the entire nervous 


? For this calculation, we are indebted to Lieutenant (j.g.) R. E. Eakin, H(S) 
U. 8. N. R. 
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system. The data of Donaldson (7) give the ratio mass of spinal cord per 
mass of brain as 0.36; whence it follows that the entire nervous system is 
about 1.6 times the mass of the brain (for this order). From an allometrie 
determination on the data of Crile and Quiring (8) for the guinea pig, brain 
weights for our animals (Table IT) have béen estimated. 


TABLE I 


Ratio of Mass of Muscle and Skin to Bone 


a Pls Weight Muscle “Skin” 40 ae ome Bone km ke 
gm gm gm. gm } 
1 572 172.1 150 60.6 32.3 5.47 1.88 
2 639 164.6 196 79.2 35.8 4.76 2.2] 
3 699 222.4 175 70.7 40.0 5.80 ] 
TaBLe II 


Ratio of Mass of Central Nervous System to Bone of Guinea Pig 


Weight Brain Nervous system Bone kn 
. gm. gm. gm. gm. 
572 4.2 6.72 32.3 0.210 
639 1.3 6.88 35.8 0.197 
699 4.4 7.04 | 40.0 0.176 


DISCUSSION 
Test of Equations—There are two ways of combining the results in testing 
Equation 7. First, a plot of Equation 7 may be compared with a statistical 
fit to the data (Fig. 1). The parallelism between the two curves in the 
range 0 to 100 per cent fat is interpreted as a substantiation of the theoreti- 
cal equations. The consistent error in the direction of yielding low values 
of G may well be due to the adherence of air bubbles to the animal’s surface 
and within its ears. A volume of air of about 2 cc. would cause the 
experimental curve to coincide with the theoretical. At present experi- 
ments are in progress to check this question by other specific gravity 
methods. 
Second, Equation 7 may be solved for G(Q), 7.e., the value of @ for 
M,/W = 0, giving, 
_ (1+ K)D»De 


G(0) = (12) 
0) Dy» + KD 


Substituting the experimental results in Equation 12, we obtain the fol- 
lowing: 
(1 + 5.34 + 1.95 + 0.2) (1.066) (1.43) 


G0) = . =" = 1,999 
(1.066) + (5.34 + 1.95 + 0.2)(1.43) 
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an intercept value which is practically coincident with an experimentally 
measured mean specific gravity value of 1.098 obtained on whole animal 
aliquot samples rendered fat-free by extraction as described in Paper I (1), 

On the grounds of the agreement between theory and experimental data, 
two useful applications follow. 

Composition of Whole Guinea Pigs—To this point, both the theoretical 
application and the experimental data have referred to eviscerated car- 
casses rather than to the intact animal. For reasons of technical conveni- 
ence, the data of Paper I (1) were obtained on the eviscerated preparation. 
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Fic. 2. For any given specific gravity, the tissue fraction of the total body mass 
may be obtained; thus for example, when G = 1.05, M;/W is about 0.2, and if the 
guinea pig weighs 500 gm., it contains 0.2 X 500 = 100 gm. of fat. The dotted line 
represents the relation of the fat fraction to body specific gravity for man. 


However, there is no theoretical obstacle to an extension which includes the 
viscera. Thus, introducing M,, D,, and k, as the mass, density, and bone 
ratio respectively of the viscera, one has on solution a set of equations 
identical with Equations 7 to 11, except that now one defines 


K=k,a +k,~ +h, +k (13) 


Extrapolating the plot of visceral fat fraction versus visceral density to 
zero fat fraction gives 1.06 for visceral density. Furthermore, comparison 
of bone weights (obtained by multiplying the weight of the eviscerated 
carcass by the factor of Equation 8) with the weights of fat-free viscera (1) 














mi 


1 


* 


a 


oe oo 


— —_—— 











MORALES, RATHBUN, SMITH, AND PACE 683 


yields a set of values for k, whose mean is 1.62. If this k, is combined with 
previous & values and substituted in Equation 13, it is found that for the 
hairless intact animal K = 9.11. When this value of K is used in Equa- 
tions 7 to 11, a final result for the body composition of intact, hairless 
guinea pigs as a function of body density is expressed by the equations 
M,/W = 5.501 (1/@) — 5.031, 44/W = 0.5965 — 0.5440 (1/G), M,./W 
= 3.1840 2.9045 (1/G), M,/W = 1.1640 — 1.0617 (1/G), M,/W = 
0.1193 — 0.1088 (1/G), 17,/W = 0.9663 — 0.8814 (1/G), and is depicted 
graphically in Fig. 2. 

Application to Man—-As remarked above, the importance and merit of any 
indirect method of body analysis lie chiefly in its applicability to the living 
human being. Of the four requisites for the application of the equations 
it is clear that three can be readily met by the data. The weight and body 
density of human subjects are accurately determinable quantities (2). 
In the absence of any facts to the contrary, the composiie (e.g. muscle with 
slight amounts of fat) tissue densities for man are the same as those for the 
common experimental mammals. The technical problem, therefore, re- 
duces to the determination of the k values. It may be possible to obtain 
three out of four (kn, k,, and k,) directly from roentgenographs; k, can be 
estimated with comparative ease from measurements on cross-sections of 
human skin and from body surface areas by calculation with empirical 
formulae (e.g. that of DuBois). The substitution of the various values in 
Equations 7 to 11 can then be expected to yield gross composition of the 
human body with reasonable precision. Further work along these lines is 
in progress. However, even at the present stage of investigation it is possi- 
ble to deduce a useful provisional equation which gives human fat content 
as a function of body density. If Equation 7 is written in terms of Equation 
12, the following is obtained. 


My D G(o) 
~ = ———— [ ———- — } (14) 
Wi Go) -1\ @ 


The density of human fat is given as 0.918 in tables such as those of Hodg- 
man (9). In view of the fact that the range of @ for guinea pigs (1) is 
virtually identical to that for man (2, 10), it may be assumed that G(0) for 
man is very close to G(Q) for the guinea pig, t.e. in the neighborhood of 1.10. 
Substituting for D; and G(0) in Equation 14, we obtain for man M,/W = 
5.548 (1/G) — 5.044. For purposes of comparison, the graph of this 
equation is shown in Fig. 2. Calculation of other components awaits 
further experimental data. 


It is a pleasure to acknowledge the generous collaboration and counsel 
of Lieutenant I. Gersh, H(S), U.S. N. R., and the Pathology Facility of the 
Naval Medical Research Institute. 
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SUMMARY 


By treating the body as a five phase system, equations are developed 
which give the amount of each tissue component as a function of body 
weight and average body density. 

These equations are based on the assumption that there is a lean body 
mass in the guinea pig and in man of relatively uniform composition. Fat 
is regarded as the only component that exhibits appreciable relative varia- 
tion. The quantitative data obtained on these guinea pigs substantiate 
this assumption. 

In man, values for specific gravity comparable to those of the guinea 
pig have been obtained. On the basis of available data, therefore, the 
relationship between fat and body density as determined for the guinea pig 
appears to be directly applicable to man. 
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The resolution of the animal body into its components, both chemical 
and morphological, is generally regarded as only approximate because of 
individual variation. However, the over-all uniformity of mammalian 
tissues with respect to chemical composition is *!'ed with implication and 
has Jed to such diverse and well known generalizations as Claude Bernard’s 
concept of a constant milieu iniérieur, Macallum’s theory of the universal 
origin of mammalian forms in the oceans, and the concept of the “active 
protoplasmic mass”’ of Talbot and Benedict. 

Perhaps the only whole body component, and certainly by far the chief 
one, which may fluctuate widely in the so called ‘“‘normal”’ population is fat. 
To be sure, considerable variability occurs with many other substances; 
however, these variations are inconsequential when compared with that 
of fat on a gravimetric basis. It has been shown in Paper I in this series (1) 
that the whole body fat of guinea pigs selected from laboratory stock 
animals may vary from 1.5 per cent to 35.8 per cent of the body weight. 

In the following, data are presented which indicate the relative constancy 
of total body water and nitrogen when expressed on a fat-free basis, together 
with some of the implications of this correction. 


EXPERIMENTAL 

In the series of 50 normal guinea pigs examined for body specific gravity 
and fat content as described in Paper I (1), determinations of total body 
nitrogen and body water were made. Water content was obtained as the 
difference between wet weight and dry weight, the latter being measured 
as described previously (1). Nitrogen analyses were obtained by the 
macro-Kjeldahl method on aliquot samples of the pulverized whole ani- 
mal, which included skin and bone but which did not include hair or viscera 
for the reasons given (1). The data for this series of animals are sum- 
marized in Table I. 

* The opinions or assertions contained herein are the private ones of the writers 
and are not to be construed as official or reflecting the views of the Navy Department 
or the naval service at large. 

ft Lieutenant, H(S), U. S. N. R, 

t Lieutenant (j.g.), H(W), U. 8. N. R. 
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TABLE [| 


Original Data on 50 Eviscerated Guinea Pigs Taken from Laboratory Stock* 


Guinea pig No Total water Total nitrogen | Guinea pig No. Total water | Total nitrogen 
gm gm gm. gm 
79 206.5 10.1 137 $14.2 19.3 
87 319.0 14.9 138 155.2 7.9 
SS 333.5 15.6 139 376.1 18.3 
89 384.6 17.9 140 282.6 13.6 
90 415.9 18.8 14] 325.2 14.9 
9] 392.8 15.9 142 244.2 10.1 
92 288.4 13.3 143 150.1 8.2 
93 369.5 16.1 144 314.0 13.8 
99 405.3 20.0 150 329.5 15.9 
100 387.5 18.3 151 205.0 9.2 
101 151.7 20.5 152 244.4 10.9 
102 392.0 20.2 153 299.3 14.5 
105 281.2 13.3 154 $13.7 1IS.8 
106 217.2 10.1 155 355. 1 ‘ 17.0 
107 295.9 13.5 156 326.8 } 15.4 
108 233.6 11.1] 157 313.2 16.5 
109 255.7 12.6 15S 198.2 8.3 
114 260.9 16.3 159 302.5 12.9 
115 161.1 10.8 160 231.5 ' 10.3 
116 198.7 10.8 161 243.1 10.8 
117 254.5 13.3 162 358.4 16.4 
118 218.5 13.0 163 335.0 15.4 
119 190.7 11.3 164 375.5 18.4 
120 179.1 10.6 165 356.4 16.8 
136 294.7 13.3 166 327.0 18.7 


* The eviscerated wet weights and gm. of total fat for these animals are given in 


Vaper I of this series (1) 


Tasie II 


Comparison of Mean Water Content and Its Standard Deviation of Various Tissues from 
Twenty Guinea Pigs on Wet Weight Basis and on Fat-Free Wet Weight Basis 


Fat, per cent wet | Water, per cent wet Water, per cent fat- 
| weight weight free wet weight 
issue 
Mean S.D. Mean $.D Mean $.D. 
Perirenal fat 84.13 4.79 10.25 5.97 81.78 3.45 
Muscle 2.36 7.83 | 74.65 0.66 76.48 0.44 
Liver 3.48 1.32 69.06 1.77 71.55 1.46 
Adrenal 14.88 | 3.52 | 65.80 2.42 | 77.32 | 0.83 
Nerve 14.65 2.57 62.66 2.51 73.40 1.21 
Tendon. 6.96 2.11 55.68 2.20 59.84 1.86 
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In addition to the determinations on whole animals, the water content 
and fat content of various tissues from the guinea pig were obtained. 
Water content was again measured by difference between wet and dry 
weights, and fat content was measured by the fiberglas bag technique (1). 
These data are summarized in Table II]. The various tissues represented 
were obtained in connection with another study (2) and were skeletal 
muscle from the thigh, liver, adrenal tissue, tendon, nerve, and perirenal 
fat. In each case the mean water content and standard deviation were 
calculated for both the original tissue and fat-free tissue. 

A similar calculation was made for the nitrogen and water contents of 
the whole animal, and these computations are summarized in Table ITI. 


TaBte III 


Comparison of Whole Body Water and Chemically Combined Nitrogen Content of 50 
Guinea Pigs on Various Bases 





Coefficient of 


0 


| Mean Standard vain variation 
Water, 63.50 5.56 - 8.8 
in fat. free ticsue, % 72.42 2.11 2.9 
Nitrogen, % dry weight 8.65 1.87 | 21.6 
‘ %wet “ 3.08 0.43 14.0 
% fat-free dry tissue 12.72 0.78 | 6.1 
% “ wet “ | 3.52 0.27 | 7.7 


DISCUSSION 

It is evident from the data presented in Table II that the water content 
of various tissues of the body is more nearly constant when expressed on 
a fat-free basis. This is in full accord with the views of Hastings (3). It 
is also of interest that the mean water contents of various tissues differ 
among themselves even when expressed on this basis. However, these 
means occupy a considerably narrower range than when expressed on a 
basis uncorrected for fat. In particular it is of significance that a tissue 
as high in fat content as perirenal fat tissue exhibits a water content com- 
parable to that of other tissues when this correction is made. 

Table III contains a summary of the analyses of the whole animal. It 
may be seen that both water content and nitrogen content are remarkably 
constant when expressed on a fat-free basis. This fact is strikingly shown 
in Fig. 1 in which the actual gm. of water and nitrogen are plotted against 
the fat-free body weight. 

Ashworth and Cowgill (4) have presented data on the body composition 
of rats and included values for total fat, water, and nitrogen. For purposes 
of comparison, their data were treated in the same fashion and are also 
plotted in Fig. 1. 
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It may be seen that both water and nitrogen exhibit straight line rela- 
tionships with fat-free body weight, and yield high correlation coefficients 
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FAT-FREE BODY WEIGHT (GRAMS 
Fic. 1. The upper graph represents the total body water plotted against the fat- 
free body weight for each animal in our series of guinea pigs and for each animal in 
the series of rats studied by Ashworth and Cowgill (4). The lower graph represents 
the total body nitrogen plotted on the same basis. The equations were obtained by 


the method of least squares 


when the data are fitted by the method of least squares. On the other hand, 
when the total gm. of body water or nitrogen are plotted against the actual 
body weight, the relationship appears curvilinear. An explanation for the 
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latter may be found in the fact that older animals, and hence animals of 
larger body weight, tend to contain a greater percentage of fat than the 
younger and smaller animals. Considering fat as a diluent of the lean body 
mass, the nitrogen and water percentages of the whole body reflect changes 
in the fat content because of the relative constancy of water and nitrogen 
in the lean body mass. 

From the foregoing it becomes obvious that the practice of expressing 
experimental data in terms of per cent of the total dry weight should be 
rather an expression of data in terms of per cent of the total water present, 
which would be independent of the fat content. Such a reference standard 


TasLe IV 
Summary of Mean Whole Body Water and Chemically Combined Nitrogen Content for 
Adults of Various Mammals 





Species Bibliographical} Percent | Percent | Per cent | abn Faby 
reference No. water | nitrogen fat | toon ante beam enaee 
Rat | (5) | 65.3 | 3.54 | 9.0 | 71.8 | 3.89 
- (4) | 63.6 3.04 | 14.6 74.4 | 3.57 
(6) 61.5 3.01 | 15.3 72.6 3.56 
Guinea pig (5) 67.1 3.18 10.0 | 74.2 | 3.61 
5 Our data 63.5 3.08 | 12.3 | 72.4 | 3.82 
Rabbit (5) 69.2 2.91 7.8 | 73.5 3.09 
ee (7) 74.3 2.5 | 76.3 
Cat (5) 66.7 3.22 7.9 72.4 3.50 
Dog (7 59.5 20.1 74.5 
“ (8) 59.1 15.4 69.9 
Monkey (7) 68.5 6.5 73.3 
Mean. 73.2 3.52 


is then equivalent to the expression of data in terms of per cent of the total 
nitrogen and, judging from Fig. 1, would appear to be better. 

Hatai (5) in a classical work on the body composition of the rat at various 
ages gives mean analytical values for total fat, water, and nitrogen. He has 
also gathered data on various other species of mammals. Recalculation of 
his data, together with that of others, so that the nitrogen and water con- 
tent of the whole body is expressed on a fat-free basis, accounts for some 
of the discrepancies noted by him. 

His demonstration of the large decrease in water content during early 
growth remains unaffected by the fat correction. However, the water 
content of adults for the various species given becomes quite constant 
when expressed on the fat-free basis. A summary of such data from 
several sources (4-8) is given in Table IV. When the wide variety of 
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methods used to obtain the data is considered, and also the fact that the 


data given by Hatai have been corrected for fat on the basis of mean 
percentages rather than for each individual, the agreement among species 
is surprisingly good, and it is not too far fetched to apply the mean value of 
water in the lean body mass of 73.2 per cent to man. 

The concept of a lean body mass which is comparatively constant in com- 
position in man (8) and among the adults of various species of mammals 
receives considerable substantiation from the available experimental evi- 
dence. Thus, the assumptions made in Paper II (9) in establishing the 
theoretical relationships of the various tissue components of the body 
appear to be justified experimentally thus far. 

It was shown (1) that the female guinea pigs contained more fat than 
male guinea pigs of a corresponding fat-free body weight. When the water 
and nitrogen contents of the males and females are compared on this basis, 
however, there is no difference. It is interesting to speculate on the ques- 
tion of how many of the quantitative differences in function between the 
male and female would be equalized if expressed on the basis of the lean 
body mass. 

In view of the relative constancy of the water content of the lean body 
mass, it is possible to derive a simple equation describing the relationship 
between water content and fat content of the whole animal mass thus: 
% water 

0.732 


% fat = 100 — (1) 


In Paper I of this series (1) an equation describing the relationship of human 
whole body specific gravity and fat content was presented in the form 


5.548 
% fat = 100 (28 - 504) (2) 
sp. gr. 
By substitution in Equation 1 
4.061 ai 
% water = 100 | 4.424 — ——— (3) 
sp. gr. 


It is therefore possible to predict from the whole body specific gravity both 
the fat content and water content with a reasonable degree of accuracy. A 
generalization of this kind is of course subject to considerable limitation; 
e.g., in the case of very young animals, in the case of marked variation in 
skeletal proportion, and in the case of disturbed water balance. However, 
with normal adult animals it can serve as a useful approximation, and 
Equation 3 may be applied to man, together with Equation 2. As a check 
on this assumption it is possible to make the calculation suggested by 
Behnke (8) on the theoretical total amount of gaseous nitrogen dissolved 
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in the body of a man of whom the body specific gravity is known, and then 
to compare the calculated values with the experimentally determined 
quantity of dissolved nitrogen gas. Good agreement is obtained between 
the experimental value and the calculated value. 

In the field of energy metabolism considerable data have been obtained 
on the metabolic rates of a great variety of living forms; yet difficulty has 
been encountered in making generalizations, owing to the lack of a univer- 
sally accepted standard of reference. Kleiber (10) has emphasized this in a 
recent review on energy metabolism. Ashworth and Cowgill (4) have been 
able to show that fat-free dry weight is a better standard of reference for 
basal metabolic rate in rats than is dry weight or live body weight. Further 
work along these lines is indicated. 


SUMMARY 


1. A study of the water content and chemically combined nitrogen con- 
tent of 50 guinea pigs reveals that the proportion of these substances to 
body weight is constant, provided that the body fat is considered. 

2. Water was found to constitute 72.4 per cent of the fat-free body mass, 
and exhibited a standard deviation of 2.11 per cent. The range of the 
original live weights represented was from 304 to 1000 gm. 

3. Chemically combined nitrogen constituted 3.52 per cent of the lean 
body mass, with a standard deviation of 0.27 per cent. 

4. These values agree closely with those calculated for other mammals 
on a fat-free basis. No sex differences were found in water and nitrogen 
content. 

5. It is believed that the concept of a lean body mass that is relatively 
constant in gross chemical composition, in which body fat may be consid- 
ered to act as a diluent, is supported by the available experimental evidence. 
Some of the implications of this concept are discussed. 
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Human plasma, prepared under sterile conditions by closed vacuum 
technique and containing 5 per cent of glucose and 0.01 per cent of mer- 
thiolate, may be stored at room temperature in the liquid state for at least 
1 year and still be used for transfusion “with safety and benefit” (1). 
The coagulation factors and the complement are lost (2), but the incidence 
of untoward reactions is significantly lower than with fresh plasma (1). 

Physicochemical studies on liquid plasmas stored for 1 year (3) and 2 
years (4) have given evidence of changes in the electrophoretic pattern. 
Four samples of pooled human plasma which had been prepared according 
to the above technique and stored at room temperature for 3 years were 
supplied by Lieutenant Commander Eugene L. Lozner of the Naval 
Medical Research Institute, Bethesda, Maryland, so that the changes in 
the electrophoretic pattern produced by the longer storage could be de- 
termined. As controls he supplied two samples of fresh pooled human 
plasma: one, designated Plasma A, was prepared by closed vacuum tech- 
nique but contained no added glucose or merthiolate, and the other, desig- 
nated Plasma B, was prepared exactly as the stored plasmas. 


EXPERIMENTAL 


Electrophoresis of the plasmas was carried out by the Tiselius method 
(5) against two different buffer solutions, one of pH 7.9 containing 0.15 
m NaCl and 0.02 m sodium phosphates, and one of the same pH and elec- 
trolyte composition containing in addition 5 per cent of glucose; the re- 
quired volume of each plasma was diluted with an equal volume of the 
buffer solution to be used, and dialyzed against four changes of the same 
buffer solution. Photographs were taken at regular intervals by both the 
Longsworth (6) and the Svensson (7) methods. A current of 40 milli- 
amperes, corresponding to a potential gradient of 6.0 volts per cm., was 
used for the glucose-free solutions. In the glucose-containing solutions the 
.electrical resistance was higher than in the glucose-free solutions, so that a 
current of 40 milliamperes corresponded to a potential gradient of 6.9 
volts per cm. and produced convection effects; a current of 27 milliamperes, 
corresponding to a potential gradient of 4.6 volts per cm., was therefore 
used for these solutions. In the glucose-containing solutions the mobilities 
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were reduce:] 9n account of the increased viscosity, or mechanical resistance, 
but, because of the higher potential gradient per unit of current resulting 


TABLE I 
Electrophoretic Mobilities of Stored Human Plasma 
Buffer, pH 8, 0.15 m NaCl, 0.02 m phosphates. T = 0°. 


Electrophoretic mobility = u = sq. cm. per volt second 
P = aU. | Alan | a: | as Bi FiFselvzi 7 ro Remark 
|; tube* | 
— |. } on —_ _ 7 - 
290-4| D. {5.0 3.3) 2.0 Stored 3 yrs.; run in 5% glucose 
A. 14.9] 3.8! 2.2 0.3 
291-4; D. |5.0| [3.4 2.4 10.8 3 5% 
A. [5.1] [3.8 [2.4 (0.2 
292-4; D. /4.6) 3.2) {2.2 10.5) 3 ‘ 5% 
A. |4.7| (3.7) [2.4 0.4 
197-5} D. 5.2)  |3.6 2.7 10.6) mim 0 * ie 
| A. 16.2) j3.8) 2.7 | 10.3 
| D. /4.1 2.6 2.1/1.6 1.0) | Fresh plasma stored with 5% 
A. {4.1 3.1 2.3/1.8 1010.2! glucose; run in 5% glucose 
\ D. /4.1)  [2.7| |2.3/1.8)1.6)  /1.2) | Fresh plasma stored without 
A. 14.1] 3.0 2.5/2.0! 1.0/0.3) glucose; run in 5% glucose 
290-4} D. |6.0) {3.9 2.4 10.5) Stored 3 yrs.; dialyzed glucose- 
A. 16.1) (4.2) (3.0 (0.1| free 
291-4; D. [5.7 3.9 2.4 0.8) 
A. 15.7 4.2 2.7 10.3 
2-4/ D. 6.1} |4.0} [2.8 0.7 
\ 6.1) 1.6 2.7 0.3 
197-5) D 6.2) t.1 2.8 0.7 
\ 6.2) $.7| 12.9 0.3 
I D. (5.0/4.3/3.2 2.6/1.9 1.4/1.1 Fresh; stored with 5% glucose; 
A. (5.1/4.3)3.7 2.9/2.2 1.3/0.1 dialyzed glucose-free 
D 1.8/4.0/3.2 2.5/1.8 1.0 Fresh; stored without 5°, glucose 
\. /4.914.2/3.7) (2.8/2.1 1.10.2 
D. |5.0/4.0/3.1! 2.7/2.0)1.7 1.3 ‘* 5% glucose added, then 
A. |5.0/4.2/3.6) 2.8/2.2 1.010.2; dialyzed away 
D. {4.7 13. 3/2. 9'2.6/2.2 1.2 Heated 10 min. at 65° (no glucose 
\ 4 9) 3.7/3.5/2.8:2.0 1.0/0.2 present 
! D. |5.0; |3.3)3.2/2.5 1.7/1.4 | Heated 10 min. at 65°, then di- 
A. |5.1/4.0/3.8/3.5/3.3 1.710.7| alyzed glucose-free 


All mobilities have been multiplied by 10° 
A. represents ascending; D., descending 


from the increased electrical resistance, the distances migrated during the 
passage of equal quantities of electricity were practically the same as in 
the glucose-free soiutions. 

Control human Plasma A was examined under three conditions: (a) 
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TABLE II 
Per Cent Composition of Stored and Fresh Human Plasmas 
Computed from areas of electrophoretic diagrams in buffer of pH 8, containing 
0.15 m NaCl and 0.02 m sodium phosphates, 








Pines ot | 4 ' a 8 F Fe | v2 ¥ wr? Remarks 
€ 
290-4 | D. (65.5 29.3} 5.2) 561; Stored 3 yrs.; run in 5% 
\ 163 9 30.1) 6.0 glucose 
291-4 | D (66.7 27.0) 6.3 643 “ 
A. (66.7 27.0) 6.3 
292-4} D. |65.9} 29.1] 5.0) 603 
A. (69.3 26.7] 4.0 
197-5} D. {70.2} |25.4| 4.4 | 535 
A. (69.0) (25.7) 5.3 at 
a ane | | | 
B D. (60.0) 12.0) 7.6) 6.6 113.8] 649) Fresh plasma stored with 
A. (56.4) 0.8:10.5 7.3) 5.8 19.2) | 5% glucose; run in 5% 
glucose 
\ D. |58 9} 2.1/13.1) 6.4} $.712.3 12.5) 570) Fresh plasma stored without 
‘ In sl 1 ol12.01 5 Jen 117.6] glucose; run in 5% glucose 
290-4 | D '64 4| 31.0) 4.6 640) Stored 3 yrs.; dialyzed glu- 
| A, 165.8 27.3) 6.9 cose-free 
291-4 | D. [63.6 32.1) 4.3 602 
A. 166.8) 8.0) 5.2 
992-4} D. 163.9 31.0) 5.1 640 
A. 166.5 28.7| 4.8 Te 
7-5) D. (67.1 27.1] 5.8 608) 
A. 168.6 26.4) 5.0 
| D. (58.6) 2.6:11.5 8.0) 5.9 4.0) 9.4] 668! Fresh; stored with 5% glu- 
A. 160.1] 1.7:10.5) 7.3) 5.7 14.7 cose; dialyzed glucose 
tree 
\ D. (56.7) 3.1) 9.8)10.6) 5.4 14.4] 631) Fresh; stored without 5% 
A. [59.4] 1.7| 9.9) 9.9] 5.7! 13.4, | glucose 
D. |57.7| 2.6)13.3) 6.1) 5.8) 1.7 12.8) 617| Fresh; 5% glucose added, 
a. |59.8] 1.3112.5! 5.8] 6.6] : 14.0 then dialyzed away 
D. (35.8) 53.7 A all 8.8) 562) Heated 10 min. at 65° (no 
5 Ieg3 BO 9 5 1.6 57 glucose present 
B D. 44.7! $2.9) | 1.0] 8.4) 612) Heated 10 min. at 65°, then 
, 146.5 99 ry ry a 13.8) dialyzed glucose-free 


Values for the ascending arm have been calculated on the assumption that the 
percentage dilution at the é-boundary is the same for all constituents. 
*A. represents ascending; D., descending. 


untreated (2.e., no added glucose) after standing 6 days at room tempera- 


ture; (b) after standing 7 days longer at room temperature in the presence 
of 5 per cent glucose; (c) same as (b), but dialyzed glucose-free. The elec- 
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trophoretic patterns are shown in Fig. 1. Control Plasma b, to which 
glucose was added to a concentration of 5 per cent at the time of prepara- 
tion, stood 23 days at room temperature before samples were withdrawn 
for electrophoresis; it was examined both in the presence of 5 per cent glu- 
cose and after removal of the glucose by dialysis (Fig. 2). The four 
plasmas which had been stored for 3 years at room temperature were also 
examined both in the presence of 5 per cent glucose and after removal of 
the glucose by dialysis (Fig. 3). The mobilities are listed in Table I, 
and the percentage composition of each plasma is given in Table II. 

In view of the possibility that the changes produced by prolonged 
storage in the liquid state at room temperature might result from spon- 
taneous reactions progressing slowly at room temperature but accelerated 
at higher temperatures, samples of control Plasmas A and B were subjected 
to heat treatment. 8 ml. of each plasma were placed in a 25 ml. Erlen- 
meyer flask and heated for 10 minutes, with constant swirling, in a water 
bath maintained at 65°; the samples were chilled immediately afterwards. 
Flocculation occurred in both plasmas, but to a greater extent in Plasma A, 
which contained no added glucose and was therefore undiluted at the time 
of heat treatment, than in Plasma B, which when collected had been diluted 
with 50 per cent glucose solution to a final glucose concentration of 5 per 
cent. Both plasmas (centrifuged clear) were examined by electrophoresis 
(Figs. 1 and 2) after dilution with, and dialysis against, the glucose-free 
buffer. 

DISCUSSION 

Effect of Added Glucose on Electrophoretic Pattern of Fresh Human Plasma 
-—The electrophoretic pattern for the untreated Plasma A (Fig. 1) in the 
glucose-free buffer was similar to that previously found for normal human 
plasma in this buffer solution ((8) Fig. 1), except that the a»-globulin 
was present in somewhat higher concentration, and the 6- and y-globulins 
were present in somewhat lower concentrations ((9) Table 2). 

The presence of 5 per cent glucose produced several changes in the pat- 
tern. The a)-globulin was no longer a separate peak, but only a slight 
plateau between the albumin and a:-boundaries. The concentration of 
the a2-globulin was increased at the expense of the 8-globulin, and there 
was a tendency, more pronounced in the descending arm of the U-tube 
than in the ascending arm, for fusion of these two boundaries. The de- 
scending fibrinogen boundary was distorted and broken into two parts.’ 


1 In Fig. 1, the F, boundary of Plasma A in 5 per cent glucose appears, because of 
incomplete resolution, to be part of the y-globulin boundary. The association with 
the fibrinogen boundary (as in Plasma A, dialyzed glucose-free, Fig. 1) could be seen 
more clearly in later diagrams for glucose-containing Plasma A, and was shown 
also by the percentage composition (Table II). 
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Fic. 1. Electrophoretic patterns of Plasma A (tracings of Svensson diagrams). 
pH 7.9, 0.15 m NaCl, 0.02 m sodium phosphates. The plasma stood 6 days at room 
temperature before samples were removed for electrophoresis. Glucose-treated 
samples stood 7 days longer at room temperature in contact with glucose. Un- 
treated, 442 coulombs (approximately 3 hours at 40 milliamperes) ; 5 per cent glucose, 
435 coulombs (approximately 4.5 hours at 26.7 milliamperes); dialyzed glucose- 
free, 468 coulombs (approximately 3 hours at 40 milliamperes); heated 10 minutes 
at 65°, 493 coulombs (approximately 3.5 hours at 39 milliamperes). 


Between the fibrinogen and y-globulin boundaries a precipitate appeared 
which was scarcely perceptible during the first 5 hours of the experiment 
but which became opaque overnight. 
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After the removal of the glucose, the a;-globulin boundary reappeared 
as a separate peak. The relative concentrations of the a:- and 8-globulins 
remained the same as before the removal of the glucose, and the tendency 
for fusion of the two boundaries in the descending arm persisted. The 
distortion of the descending fibrinogen boundary and the resolution into 
two parts persisted also, but the precipitate between the y-globulin bound- 
ary and the fibrinogen boundary caused complete opacity within 2.5 
hours and on standing overnight sedimented to the bottom of the cell, 
leaving only a slight opalescence near the original site. 

The electrophoretic pattern for Plasma B, containing 5 per cent of glu- 
cose (Fig. 2), resembled in many respects that for Plasma A in 5 per cent 
glucose. The a)-globulin was visible only as a plateau, and the concen- 
trations of a2-globulin and #-globulin were very nearly the same as in 
Plasma A (Table II). The tendency for fusion of the ae- and 6-boundaries 
was, however, less pronounced than in Plasma A, the descending fibrinogen 
boundary was free from distortion, and no precipitation occurred in the 
descending fibrinogen or y-globulin boundaries. 

The changes produced by removal of the glucose from Plasma B were 
about the same as for Plasma A. The a;-boundary reappeared, and the 
concentrations of the a:- and §-globulins remained the same as before 
removal of the glucose. Resolution of the descending a2- and 6-boundaries 
was improved, however, and although the descending fibrinogen boundary 
remained free from distortion the descending y-globulin boundary was 
partially resolved into two parts. No precipitation occurred in the de- 
scending arm. 

The changes brought about by the addition of glucose emphasize the fact 
that each electrophoretic constituent represents not a single protein but a 
‘“‘nopulation of proteins” (10), and that the mobilities of many are sensitive 
to changes in environment. The persistence of some of the changes after 
removal of the glucose by dialysis suggests that the glucose may either 
effect certain permanent changes, or accelerate spontaneous changes 
which proceed more slowly in the absence of glucose. The greater sharp- 
ness and symmetry of the boundaries of Plasma B, as compared with 
Plasma A under corresponding circumstances, and the absence of floccula- 
tion during electrophoresis of Plasma B appear, in view of the greater 
age of Plasma B, to indicate a considerable protective action by the added 
glucose. A possible further indication of this protective action may be 
found in the behavior of Plasma A before and after removal of the 5 per 
cent glucose. The precipitate which formed at the fibrinogen boundary in 
the descending arm during electrophoresis flocculated less rapidly in the 
presence of 5 per cent glucose than after removal of the glucose by dialysis. 

Electrophoretic Behavior of Stored Human Plasma and Comparison with 
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Heated Control Plasma—The four plasmas which had been stored in the 
liquid state for 3 years at room temperature showed remarkable uniformity 
in their electrophoretic patterns (Fig. 3), with respect to both the mobilities 
of the fractions (Table I) and the percentage composition (Table II). 
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Fic. 2. Electrophoretic patterns of Plasma B (tracings of Svensson diagrams). 
pH 7.9, 0.15 m NaCl, 0.02 m sodium phosphates. The plasma stood 23 days at room 
temperature before samples were withdrawn for electrophoresis. 5 per cent glucose, 
523 coulombs (approximately 2.5 hours at 39.5 milliamperes plus 1.66 hours at 27.1 
milliamperes); dialyzed glucose-free, 433 coulombs (approximately 3 hours at 40 
milliamperes); heated 10 minutes at 65°, 494 coulombs (approximately 3.5 hours at 
39 milliamperes). 


The presence or absence of glucose produced no significant change either in 
the contour of the patterns or in the percentage composition; the effects of 
the increased viscosity and electrical resistance caused by the presence of 
5 per cent glucose compensated one another, as in fresh plasma, and yielded 
almost identical patterns for the passage of equal quantities of electricity. 
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Fic. 3. Electrophoretic patterns of plasmas stored 3 years at room temperature 
(tracings of Svensson diagrams). Plasmas 290-4 and 291-4, pH 7.9, 0.15 m NaCl, 
0.02 m sodium phosphates; dialyzed glucose-free. Photographs taken after migration 
for approximately 3 hours at 40 milliamperes. Plasmas 2924 and 197-5, pH 7.9, 
0.15 m NaCl, 0.02 m sodium phosphates; 5 per cent glucose. Photographs taken after 
migration for approximately 4.5 hours at 27 milliamperes. Plasma 2904, 425 cou- 
lombs; Plasma 291-4, 431 coulombs; Plasma 292-4, 444 coulombs; Plasma 197-5, 446 


coulombs. 
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The stored plasmas were characterized by the complete absence of 
y-globulin and fibrinogen, a slight reduction in the percentage of 8-globulin, 
a slight rise in the percentage of albumin, and a large increase in the per- 
centage of a-globulin. All boundaries were broadened, and all mobilities 
were increased. There was slight loss of protein from each plasma by 
precipitation prior to electrophoresis, and during electrophoresis an opales- 
cence developed between the a- and 6-boundaries in the rising arm. 

In the heated control plasmas, the concentration of a-globulin was 
increased at the expense of most of the fibrinogen, much of the 8-globulin 
and the albumin, and some of the y-globulin. In Plasma B the con- 
centration of y-globulin was reduced very little by heat treatment, and 
the descending boundary was partially resolved into two parts, just as in 
the unheated plasma in glucose-free buffer. The boundaries for all the 
globulins except y-globulin overlapped one another to form a single broad 
boundary, with protuberances corresponding to the a)-, a2-, and 8-bound- 
aries, and an apparently new boundary which was designated as. 

The changes produced by heat treatment of human plasma resembled 
those produced by prolonged standing at room temperature in one re- 
spect, the increased concentration of the a-globulin. In the stored human 
plasma, however, the increase was obtained by complete impoverishment 
of the y-globulin and the fibrinogen, with no reduction in the concentration 
of albumin, while in the heated human plasma the y-globulin was affected 
least of all, and there was a large loss of albumin. In the stored plasma, 
too, the mobilities were increased by 20 to 25 per cent, and the boundaries 
were broadened, while in the heated human plasma the mobilities were 
about normal, and the boundary spreading was very little greater than in 
untreated human plasma. 

The effect of heat treatment on plasma or serum has been investigated 
more extensively for the horse than for any other species. In horse serum 
it is the 6-globulin, rather than the a-globulin, which is increased in con- 
centration by heat treatment (11). The increase has been found to result 
from a colloidal aggregation product, called C component by van der 
Scheer, Wyckoff, and Clarke (11), which is formed at the expense of the 
other serum constituents. C component is the result of two consecutive 
reactions: (a) heat modification of the molecules, a change which is ac- 
companied by little, if any, change in mobility, followed by (6) interaction 
of the heat-modified molecules with one another and with some essential 
constituent or constituents, apparently associated with the a- or 6-globulin 
fractions, which confer upon the aggregation product its characteristic 
charge (12). Davis, Hollaender, and Greenstein (13) found the effect of 
ultraviolet. irradiation on horse serum to be similar to the effect of heat 
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treatment, and postulated a similar mechanism: an unfolding and splitting 
of the molecules, followed by aggregation. By irradiation of the albumin- 
rich and globulin-rich fractions of human serum, they found that the 
mobility of the aggregation product varies with the composition of the 
mixture subjected to irradiation. In bovine plasma the C component is 
associated with the a-globulin boundary (14) as in human plasma; the 
formation of C component in bovine plasma can be prevented by satura- 
tion with glucose previous to heat treatment. In view of the association 
of C component with the a-globulin fraction in heated human plasma, it 
may be of interest to recall that febrile infections have been found to 
increase the a-globulin content of human plasma (15-17). 

More extensive changes were produced in Plasma A than in Plasma B in 
consequence of heat treatment. This may have been the result either of 
the higher protein concentration of Plasma A, which would have facilitated 
aggregation and thus promoted the formation of C component from the 
heat-modified molecules, or of the presence of 5 per cent glucose in Plasma 
B, which, in view of the effects of saturation with glucose on bovine plasma, 
might be expected to repress somewhat the formation of C component. 
No further experiments were carried out to determine which was the more 
important factor. 

The augmentation of the a-globulin by prolonged storage at room tem- 
perature, though at the expense of different plasma constituents, suggests 
that the same type of mechanism may be involved as in heat treatment. 
The divergences may result both from the varying susceptibilities of the 
plasma constituents to the primary change (spontaneous denaturation in 
the one instance, heat modification in the other), and from the more gradual 
accumulation of the modified molecules, and the greater opportunity 
for completion of the secondary reaction (aggregation of the modified 
molecules, or of their fission products (13)) during prolonged storage 
than during heat treatment. 

The results do not, however, permit of explanation by the hypothesis 
(13) that the electrical homogeneity of the denaturation product is largely 
due to a “‘chemically homogenizing process;’’ 7.e., the aggregation of the 
fission products of the molecules in the proportions in which they are 
present. The augmentation of the a-globulin on prolonged storage of the 
plasma occurred at the expense of the more slowly migrating constituents 
exclusively ; there was no diminution of the more rapidly migrating albumin. 
It should be pointed out, too, that the denaturation product (C component) 
of human plasma, after either heat treatment or prolonged storage, was 
much less homogeneous than that of horse serum after heat treatment (11, 
12),/or ultraviolet irradiation (13), that of bovine plasma after heat treat- 
ment (14), or those of the albumin-rich or globulin-rich fractions of human 
serum after ultraviolet irradiation (13). 
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It is difficult to compare these results on 3 year-old plasma with those 
obtained by electrophoresis of 2 year-old plasma? because of the difference 
in buffer solutions (cf. (9) Table 2). The electrophoretic diagram for 2 
year-old plasma, which was available to us through the courtesy of Lieuten- 
ant Commander Lozner, appeared to indicate complete loss of y-globulin 
and fibrinogen and partial loss of 8-globulin, as in 3 year-old plasma; 
it showed no apparent increase of the a-globulin, however, and the ma- 
terial lost from the slow boundaries was stated by the investigators (4) 
to be associated with the albumin fraction. 

The increased mobility and increased boundary spreading of the plasma 
constituents after storage for 3 years had no counterpart in the patterns of 
the heated plasma, and may have resulted from the action of enzymes 
present in the plasma. An enzyme resembling trypsin has been prepared 
from fresh chloroform-treated plasma, and evidence for proteolytic action 
during prolonged storage of liquid plasma has been found in the increase of 
non-protein nitrogen (4). The limited degree to which non-protein nitro- 
gen was liberated (equivalent to hydrolysis of less than 2 per cent of the 
original protein), and the comprehensiveness with which increased mo- 
bility was shown by the proteins of the plasma, suggest that if the two 
effects are manifestations of the same change the non-protein nitrogen 
must be produced by partial fission of most, or even all, of the molecules, 
rather than by complete fission of a few. 


SUMMARY 


Pooled human plasma, prepared under sterile conditions by the closed 
vacuum technique and containing 5 per cent of glucose and 0.01 per cent of 
merthiolate, was examined by electrophoresis in the Tiselius apparatus 
after storage in the liquid state at room temperature for 3 years. There 
was a large increase of a-globulin at the expense of all the y-globulin, all 
the fibrinogen, and part of the 8-globulin. The mobilities were 20 to 25 
per cent greater than in fresh plasma, and the boundaries were broadened. 

Heat treatment of fresh human plasma also caused an increase of the 
a-globulin, but at the expense of different plasma constituents, and without 
increase of the mobilities or broadening of the boundaries. 

The addition of 5 per cent of glucose to fresh human plasma produced an 
increase of the a:-globulin at the expense of the §-globulin, with partial 
fusion of the a2- and §-globulin boundaries in the negative arm; it also 
caused the disappearance of the a)-globulin as a separate boundary. The 
former change persisted after removal of the glucose by dialysis; the latter 
did not. The electrophoretic patterns of plasmas stored at room tem- 
perature for periods of less than a month, with and without the addition of 
glucose, indicated protective action by the added glucose. 


* Lozner, E. L., Kahler, H., and Newhouser, L. R., personal communication. 
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The chemotherapeutic action of an agent in the intact animal is usually 
conditioned by two factors (1). The first is the manner and extent to which 
the substance is capable of participating in the activities of a discrete bio- 
logical system and thereby producing a particular chemotherapeutic effect. 
The second, which relates to the over-all physiological disposition of the 
agent by the animal, is related to the operation of such diverse processes as 
absorption, distribution, degradation, and excretion. Generally speaking, 
these processes are integrated in such a fashion that the concentration of the 
agent in the plasma on any dosage schedule is a reflection of their combined 
operation, since it is through this medium that most exchanges of the drug 
occur. Consequently in a definitive appraisal of a drug information of its 
plasma concentrations and the time these concentrations must be main- 
tained in order to produce a given chemotherapeutic effect will usually be 
required. Furthermore, the maximal benefit to be derived from a drug in 
routine therapy is generally difficult to obtain in the absence of these quite 
different types of information (2). 

The collection of such information in the study of drugs of unknown char- 
acter, to be used for any given purpose, would be considerably facilitated by 
the availability of reasonably simple analytical procedures. Also, the de- 
velopment of these would be aided were it possible to utilize a scheme for the 
analysis of organic compounds based upon a series of general reactions. 
However, the use of a non-selective reaction requires that means be 
available to examine the specificity of the over-all measurement when ap- 
plied to the estimation of a particular compound. Such an examination has 
an advantage if in addition to giving an appraisal of specificity it also yields 
information on the characteristics of the interfering substances. The latter 
type of information may then be applied so as to permit a :aodification of 
the fundamental procedure in order to introduce the desired specificity. 


* The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and New York University. 
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A simple general method is described below which, with minor modifica- 
tions, has been used in the development of methods for the estimation of 
a number of alkaloids and synthetic basic organic compounds. The prin- 
ciple of the method is that many organic bases combine with certain sulfonic 
acids to form molecular complexes which are highly soluble in organic sol- 
vents, and that the concentration of base in the orgaric solvent may be 
determined indirectly through a measurement of the concentration of the 
sulfonic acid in the organic solvent. The technique used to appraise the 
specificity of the procedure involves a comparison of the solubility charac- 
teristics of the pure compound with those of the substance or substances 
isolated from the biological material and measured in the analytical 
procedure. 

The development of a procedure for the estimation of cinchonidine in 
biological fluids is given to illustrate the general method of analysis and the 
technique involved in assaying and improving specificity. The method is 
equally applicable to the other cinchona alkaloids. 


Procedure for Cinchonidine 


The sulfonic acid chosen for use in the present procedure is methyl orange, 
since it approaches the ideal acid for the present purpose. It is a water- 
soluble dye with a high-color index; it forms a cinchonidine-methy] orange 
complex highly soluble in ethylene dichloride and chloroform; it only enters 
the organic phase in amounts equivalent to the contained base. 

Cinchonidine is separated from the biological sample by extraction into 
ethylene dichloride at an alkaline pH. The ethylene dichloride is washed 
with alkali to remove degradation products of cinchonidine. An aliquot of 
the washed ethylene dichloride is then shaken with a saturated methyl 
orange solution at pH 5. The excess methyl orange is removed, the ethyl- 
ene dichloride acidified, and the concentration of the highly colored acid 
salt of methyl orange measured photometrically. 

The procedure is specific to the extent that it is subject to negligible inter- 
ference from normally occurring substances or the degradation products of 
cinchonidine which are found in biological material. Recoveries of added 
cinchonidine average 95 per cent of the theoretical, with total quantities of 
cinchonidine as low as 5 y. The variation in the recovery of these small 
amounts is usually less than 5 per cent. 

Reagents— 

1. Standard solution of cinchonidine, 100 mg. per liter. 100 mg. of the 
free base are dissolved in exactly 1 liter of 0.1 N H:SO,. This solution is 
stable when stored in the refrigerator. More dilute working standards are 
prepared daily by dilution with water. 

2. 1n NaOH. 
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2.5~ NaOH. 

4. Ethylene dichloride. Commercial grades of ethylene dichloride are 
sometimes contaminated with extraneous material which combines with the 
methyl! orange in the routine procedure. These may have their origin in 
rubber, cork, or other organic material that comes in contact with the sol- 
vent and may be removed by shaking the ethylene dichloride with one-fifth 
the volume of 1 N HCl. This is followed by a wash with water. It is ad- 
vised that all ethylene dichloride be treated prior to use in the estimation. 

5. Aleoholic KOH solution, 0.1 n KOH in 20 per cent ethyl alcohol. 

6. Methyl orange solution. This is prepared as a saturated solution in 
0.5 boric acid. An excess of the sodium salt of methyl orange is added to 
the boric acid solution, and the mixture is heated gently, cooled to room 
temperature, and filtered. The solution is washed several times by shaking 
with an equal volume of ethylene dichloride. Boric acid rather than a salt 
buffer is used to poise the pH of the solution at about 5.0, since inorganic 
salts lower the solubility of methyl orange. 

7. Alcoholic H,SO, solution, 2 ml. of concentrated HeSO, in 100 ml. of 
absolute alcohol. 

Procedure for Plasma—aAdd 1 to 5 ml. of plasma and 1 ml. of 1 n NaOH to 
20 ml. of ethylene dichloride in a 60 ml. glass-stoppered bottle and shake for 
5 minutes, preferably on a shaking apparatus.’ Decant the contents of the 
bottle into a 40 ml. round bottomed tube and centrifuge for 10 minutes at 
2500 r.p.M. to break the emulsion. Remove the supernatant aqueous layer 
by aspiration.2 Return the ethylene dichloride solution to a 60 ml. glass- 
stoppered bottle (the original thoroughly rinsed out bottle may be used), 
restraining any coagulum present with a stirring rod. Add an equal volume 
of the alcoholic KOH solution and shake for 10 minutes.* Transfer the 
contents to a 40 ml. tube (the original rinsed out tube may be used) and 
centrifuge for 1 minute at 2500 r.p.m. Remove the supernatant aqueous 
layer completely by aspiration and decant the ethylene dichloride into a 60 
ml. glass-stoppered bottle (the original thoroughly rinsed out bottle may be 
used). Add 0.5 ml. of methyl orange reagent and shake for 5 minutes. 


9 
oO. 


1 The pH of the aqueous phase during the initial extraction is not critical, provided 
it is higher than 9. 

2A solid emulsion sometimes forms in the ethylene dichloride. This may be 
broken by vigorous stirring with a glass rod. A second centrifugation will then 
produce a clean separation of the two phases. 

This step serves to remove a blank from plasma. It is believed that this blank is 
caused by the absorption of methyl orange on small particles floating in the solvent 
and that this particulate matter is removed by the alcoholic KOH wash. 

‘It is important that all traces of alkali be removed, since any that remains will 
alter the pH of the methyl orange reagent added in the next step of the procedure. 
This constitutes a major source of error in the routine application of the procedure. 
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Decant into a 25 ml. test-tube and centrifuge for 5 minutes at 3000 r.P.M. 
Carefully remove all the supernatant layer by aspiration, decant the 
ethylene dichloride phase into a 25 ml. test-tube, and recentrifuge for 5 
minutes. Pipette 10 ml. of the ethylene dichloride into a colorimeter tube 
containing 1 ml. of the alcoholic H,SO, and mix thoroughly. Read in the 
colorimeter with a filter having a maximal transmission at 540 mu. 

A reagent blank in which water is substituted for plasma is run through 
the same procedure and is used for setting the instrument to 100 per cent 
transmission. This reagent blank should not give a transmission of less 
than 97 when ethylene dichloride plus the alcoholic H.SO, is used to set the 
instrument to 100 (Evelyn photoelectric colorimeter). 

Procedure for Urine—Add 1 mil. of diluted urine (7.e., to contain 10 to 40 
y of cinchonidine) and 1 ml. of 1 n NaOH to 20 ml. of ethylene dichloride 
in a 60 ml. glass-stoppered bottle, and shake for 5 minutes. Allow the two 
phases to separate and remove the aqueous supernatant layer by aspiration. 
Add an equal volume of 10 per cent NaOH and again shake for 5 minutes. 
Allow the phases to separate and remove the aqueous layer as above. Then 
add a few ml. of water and mix with the bottle contents to dilute any re- 
sidual alkali. Decant into a 40 ml. round bottomed tube and centrifuge for 
2 minutes. Remove the supernatant layer completely by aspiration and 
return the ethylene dichloride solution to the original thoroughly rinsed out 
bottle.‘ Add 0.5 ml. of methyl orange reagent and proceed as for plasma. 

Procedure for Feces—Add 20 ml. of concentrated HCl to the sample of 
feces and dilute to a known volume with water. Shake until a homo- 
geneous mixture is obtained. A suitable aliquot may be analyzed by the 
procedure described for plasma. The wash with alcoholic KOH is not 
necessary. 

Standard Curve—Standards are prepared by taking 1 ml. of standard 
solution, adding 1 ml. of 1 N NaOH and 20 ml. of ethylene dichloride, and 
handling in the same manner as for the plasma determination. The wash 
with alcoholic KOH is omitted. As noted above, a reagent blank is run 
through the same procedure and is used for setting the instrument to 100 
per cent transmission. A permanent standard curve is constructed on 
semilogarithmic paper, the per cent transmission being plotted against 
micrograms of alkaloid per ml. of ethylene dichloride. This is a highly 
reproducible linear relationship; so that standards need not be run together 
with each set of determinations. A transmission of 52 is obtained on the 
Evelyn photoelectric colorimeter for a concentration of 1 y of cinchonidine 
per ml. of ethylene dichloride. 


Results 


Table I contains a summary of recoveries of cinchonidine added to plasma 
and urine. These results indicate that the sensitivity and precision of the 
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method are quite adequate for use in an apprasial of the therapeutic efficacy 
of cinchonidine when used as an antimalarial. Equally good results have 
been obtained in the case of the other common cinchona alkaloids. 

Repeated analyses run on individual samples of plasma and urine over a 
period of several weeks yield highly reproducible results. It may be con- 


TaBLe | 
Recovery of Cinchonidine Added to Plasma and Urine 









































Plasma Urine 
sar = wae ay — | Recovery Cages | a —— pa Recovery 
Y Y per cens Y Y per cent 
5 5.4 108 20 20.0 100 
4.8 96 20.8 104 
5.2 104 19.2 96 
10 9.6 96 19.1 96 
10.0 100 20.2 101 
9.8 98 20.3 102 
9.5 95 20.2 101 
9.5 95 20.4 102 
10.2 100 20.6 103 
9.6 96 20.4 102 
9.6 96 20.0 100 
9.7 97 40 41.9 105 
| 2.2 102 | 40.7 102 
20 | 20.0 100 39.8 100 
19.6 98 | 39.0 97 
21.2 106 41.8 105 
| 20.2 101i 40.2 101 
| 20.0 100 | 40.3 101 
| 20.0 100 | 41.4 104 
19.6 98 | 
| 21.6 108 | 
21.2 106 
| 21.0 105 
30 30.3 101 
| 29.4 98 


31.0 | 103 


cluded from this finding that the cinchona alkaloids are stable in biological 
material when stored in the refrigerator. 


Appraisal of Specificity 
There is a negligible amount of material in normal plasma or urine which 
reacts as cinchonidine in the analytical procedures described above. Con- 


sequently, specificity depends upon the completeness with which the 
products of the metabolism of the drug are excluded. This has been ex- 
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amined by a technique described below which yields information both on the 
extent of the interference of such products in the general method and how 
they may be excluded in a revised procedure. Such an approach to an 
examination of specificity is generally applicable in the development of 
methods, and is particularly valuable when, as in the present method, a 
non-selective reaction is used. 

The examination of specificity which has been devised is analogous to 
that utilized by Craig in an examination of certain procedures recommended 
for the estimation of quinacrine (3). The distribution coefficients of quina- 
crine and apparent quinacrine extractable from biological material by 
ethylene dichloride were determined in a two phase system consisting of 
ethylene dichloride and water-methyl] alcohol solutions in varying propor- 
tions buffered to a constant pH. Simple ethylene dichloride extracts of 
plasma and urine were found to contain material with different distribution 
coefficients than quinacrine. Further study showed that washing of the 
initial ethylene dichloride extracts with strong alkali removes all fluorescent 
material other than that which has identical distribution coefficients to 
those of quinacrine. It was in consequence of these findings that an 
alkaline wash was introduced in the routine estimation of quinacrine (4). 

The present technique differs from that of Craig in that the distribu- 
tion coefficients of the drug are determined in an ethylene dichloride- 
water system at various pH values of the aqueous phase. The distribution 
of a substance in such a system, at constant temperature and at a particular 
pH, is dependent upon the relative concentrations of the various molecular 
species in the aqueous phase, as reflected in the dissociation constants, and 
the relative solubilities of each molecular species in the two phases of the 
system. Both properties may be rigidly defined, being physical constants. 
A drug and its metabolic products will have the same distribution coefficients 
with varying pH of the aqueous phase only if they have the same physical 
constants. This is an unlikely possibility. However, proof of specificity 
is always one of probability, and should equivocal evidence be forthcoming 
from an initial examination, further study with another organic solvent is 
advisable. 

Such a method has an advantage in that it not only indicates the extent 
to which a procedure is specific but also gives information relative to the 
solubility characteristics of the interfering metabolic products of the drug. 
The latter type of information may be readily applied in the revision of the 
original procedure so as to exclude the interfering substances. This is 
usually possible by an adjustment of the pH of the aqueous phase in the 
initial extraction or by the inclusion of a suitable wash of the organic solvent 
applied subsequently in the procedure. 

To serve as an illustration, the principle of the procedure is described in 
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relation to the examination of the specificity of the analytical procedure as 
proposed for the estimation of cinchonidine. 
EXPERIMENTAL 

15 ml. of diluted urine containing 100 to 200 y of apparent cinchonidine 
and 15 ml. of 1 n NaOH were added to a 500 ml. glass-stoppered Pyrex 
bottle containing 300 ml. of ethylene dichloride and shaken for 10 minutes. 
The mixture was transferred to large centrifuge tubes, centrifuged, and the 
aqueous phase completely removed by aspiration.‘ Two 15 ml. aliquots of 
the ethylene dichloride phase were set aside for direct analysis (C; + C2). 
15 ml. aliquots of buffer solutions (pH 5 to 14 in units of 1) were added to 15 
ml, aliquots of the remaining ethylene dichloride in 60 ml. glass-stoppered 
Pyrex bottles.’ The mixtures were shaken for 1 hour and then centrifuged. 
The aqueous phase of each sample was completely removed by aspiration 
and the ethylene dichloride decanted into 60 ml. glass-stoppered Pyrex 
bottles containing 0.5 ml. of the methyl orange reagent.‘ The concentra- 
tion of apparent cinchonidine in each sample was then determined as in the 
analytical procedure described above (C;). 

Results of a comparison of a solution of pure cinchonidine with the ap- 
parent cinchonidine extracted from urine as described above are shown in 
Table II. Distribution is described as C,/(C; + C2), as a matter of con- 
venience, where C; is the concentration in the organic phase, C; that in the 
aqueous phase. It is apparent from a consideration of the data that the 
ethylene dichloride extract of urine contains methyl orange-reacting 
material with solubility characteristics that differ from those of pure 
cinchonidine. The urine extract contains material which is water-soluble 
at the higher pH values. The differences observed are not due to the 
manipulations in the procedure, since cinchonidine added to urine or other 
biological material is extractable unchanged with ethylene dichloride. 
These data carry the suggestion that the introduction of an alkali wash of 
the ethylene dichloride extract will confer additional specificity on the 
analytical procedure. 

The effect of the introduction of such a wash was studied as follows: A 
sample of urine was treated as described above until the urine and ethylene 
dichloride had been shaken for 10 minutes in the initial extraction. The 
two phases were allowed to separate and the aqueous layer removed. An 
equal volume of 10 per cent NaOH was added and the mixture shaken for 


5 The distribution ratios at the different pH values are reproducible at constant 
temperature. However, it is not necessary to maintain a constant given tempera 
ture, provided the determinations for any examination contain a control series 
of samples of the pure drug. Such a procedure also corrects for minor varia- 
tions in the pH of the buffers used. 
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i0 minutes. The phases were again allowed to separate and the aqueous 
layer removed by aspiration. A few ml. of water were added and mixed 
with the bottle contents to dilute any residual alkali. The mixture was 
then transferred to large centrifuge tubes, centrifuged, and the aqueous 
phase completely removed by aspiration. Two 15 ml. aliquots of the 
ethylene phase were set aside for direct analysis (C; + C2). The remainder 


TaBLeE II 


Distribution of Cinchonidine and Apparent Cinchonidine between Water and Ethylene 
Dichloride at Various pH Values 
The distribution ratios given as a function of the various pH values are expressed 
as the ratio of the concentration of drug remaining in the organic phase to total drug 
after shaking with the appropriate buffer. This ratio in terms of symbols noted in 
the text is expressed as C,/(C; + C2), where C; is the concentration in ethylene di- 
chloride, and C; is the concentration in water. 
































Plasma Urine 
Aqueous poeta | 
pH control | | Patient 1, Patient 1 
Contre! Patient 1 Patient 2 before alkali after alkali 

wash wash 

(a) (6) (c) (d) (e) /) 

5 0.02 0.04 | 0.04 0.04 | 0.02 0.03 
6 0.15 0.15 0.18 0.17 0.08 0.18 
7 0.64 | 063 | 0.65 0.62 | 0.29 0.65 
8 0.92 0.96 0.96 0.91 0.57 0.91 
9 0.97 0.99 | 1.00 | 0.98 | 0.64 1.00 
10 0.98 | 0.98 1.00 0.99 0.72 1.02 
11 0.97 | 0.99 1.02 0.98 0.72 1.03 
12 0.99 0.97 0.99 1.00 | 0.66 1.00 
13 | 1.00 | 0.98 | 1.01 | 1.01 | 0.56 1.03 
0.99 1.02 0.99 0.54 1.03 


14 0.99 


! 





Column (a), cinchonidine added to water and extracted into ethylene dichloride; 
(b), cinchonidine added to plasma and extracted into ethylene dichloride; (c) and 
(d), apparent cinchonidine from plasma of patients, extracted into ethylene dichlo- 
ride; (e), apparent cinchonidine from urine extracted into ethylene dichloride, before 
alkali wash; (f), apparent cinchonidine from urine extracted into ethylene dichloride, 
after alkali wash. 


was shaken with a series of buffer solutions as described above. The results 
of the examination are summarized in Table II. The data indicate that, 
as expected, the treatment with an alkali wash removes certain degra- 
dation products of cinchonidine from the ethylene dichloride phase, leaving 
behind a substance with solubility characteristics identical to those of 
cinchonidine.® 

¢The degradation products of cinchonidine and cinchonine are quite soluble in 


alkali, one alkaline wash of the ethylene dichloride extract sufficing for their removal 
from both urine and plasma. The degradation products of quinine and quinidine are 
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A similar study was made of the ethylene dichloride extracts of plasma.’ 
This indicates that the wash with the alcoholic KOH solution, which is in- 
cluded in the routine procedure, is sufficient to remove completely any 
degradation products which are present. 


DISCUSSION 


Information is at hand to indicate that the general procedure described 
above is applicable, with modifications, to a large number of alkaline drugs 
among which are codeine, plasmochin, benzedrine, ephedrine, and demerol. 
The modifications which will be required for the estimation of any one of 
these have not been worked out. However, it may be stated that these 
will vary according to the physical properties of the compound and its 
concentration in the biological sample. A reaction similar in principle has 
been used in this laboratory for the estimation of certain organic acids. 
Here, the acid forms a complex with a basic dye (rosaniline) that is soluble 
in ethylene dichloride. 

A reaction somewhat similar to the methyl orange reaction has been 
described previously (5). The formation of a chloroform-soluble complex 
of eosin and quinine was utilized to estimate the concentration of quinine in 
urine. Eosin has been studied in this laboratory but its use is not advised, 
since it has a low color index and a relatively high solubility in chloroform 
and ethylene dichioride. These characteristics preclude its use in the 
analysis of alkaline drugs at the concentrations commonly observed in 
plasma. Two other somewhat similar procedures have been described 
more recently, one to estimate quaternary ammonium compounds (6), 
the other demerol (7), by forming organic soluble complexes with brom- 
phenol blue. This reaction is not generally useful in its present stage of 
development for application to plasma owing to a lack of sensitivity. 


SUMMARY 


A simple-general method is described which, with minor modifications, 
can be applied to the development of methods for a large number of 
alkaloids and synthetic alkaline organic compounds. The method has 
been applied to the development of an analytical procedure for the estima- 


less soluble in water at a high pH. Consequently several alkaline washings are 
required fog their removal in the analysis of urine in which they occur in high con- 
centration. 

7 Some alcohol is present in the ethylene dichloride extract of plasma as a result 
of the wash with alcoholic KOH. It is advisable to measure the distribution con- 
stants in the absence of alcohol. The cinchonidine is therefore quantitatively ex- 
tracted from the ethylene dichloride phase into aqueous acid, the latter alkalinized, 
and the cinchonidine finally returned to ethylene dichloride. The alcohol remains 
behind in the aqueous phase. 
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tion of the cinchona alkaloids, particularly cinchonidine, for illustrative 
purposes. 

Cinchonidine is isolated from the biological material by an extraction of 
the free base with ethylene dichloride at an alkaline pH. The ethylene 
dichloride is washed free of degradation products with alkali and shaken 
with methyl orange solution. Cinchonidine forms a salt with methyl 
orange which is soluble in ethylene dichloride and its concentration is esti- 
mated by determining the optical density of the ethylene dichloride 
solution. 

A technique is also described which can be used for appraising the speci- 
ficity of many analytical procedures. The distribution coefficients of the 
pure and apparent compound are measured in an ethylene dichloride-water 
system at various pH values of the latter phase. The procedure yields 
information on the extent to which degradation products of the drug in- 
terfere in the estimation and the solubility characteristics of the interfering 
substances. The latter type of information is used in devising modifica- 
tions of the basic procedure which introduce the desired specificity. 
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LETTERS TO THE EDITORS 





THE PREVENTION BY CAPRYLATE OF UREA AND 
GUANIDINE DENATURATION OF SERUM ALBUMIN 
Sirs: 

Low concentrations of sodium caprylate and related compounds mark- 
edly increase the thermal stability of human and bovine serum albumin,’ 
and prevent the rapid rate of enzyme digestion of serum albumin otherwise 
induced by urea denaturation.’ Sulfate, as well as other inorganic anions, 
decreases SH group liberation by urea or guanidine.’ The denaturation 
of serum albumin by urea or guanidine hydrochloride results in a pro- 
nounced viscosity increase, attributable to a more unfolded or extended 
albumin molecule.* In this note viscosity studies are reported which have 
shown that low concentrations of caprylate or relatively high concentra- 
tions of sulfate prevent the marked extension of the albumin molecule which 
otherwise occurs with solutions of albumin in 6 M urea or 2.5 mM guanidine 
hydrochloride, and, furthermore, effect a considerable decrease in the vis- 
cosity of serum albumin previously denatured in urea or guanidine solu- 
tions. 

Typical results of viscosity measurements are given in the table. The 
values represent (1) denatured albumin, albumin in denaturing solution 
for 15 minutes; (2) stabilized albumin, caprylate or sulfate added before 
the albumin; and (3) partially regenerated albumin, caprylate or sulfate 
added 15 minutes after the albumin addition and the viscosity determined 
after an additional 15 minutes. The viscosity decrease following caprylate 
addition to albumin denatured in urea is much more pronounced than the 
decrease noted in enzyme digestion rates.2 A caprylate concentration of 
0.005 m was sufficient for maximum protection in 6 mM urea. Data from 
ultrafiltration experiments showed that with 0.0050 m caprylate, about 
0.0024 m caprylate was bound by the albumin, or about 9 molecules of 
caprylate per molecule of albumin. Weight intrinsic viscosities, cal- 


' Ballou, G. A., Boyer, P. D., Luck, J. M., and Lum, F. G., J. Biol. Chem., 153, 
589 (1944). Boyer, P. D., and Lum, F. G., unpublished data. 

? Rice, R. G., Ballou, G. A., Boyer, P. D., Luck, J. M., and Lum, F. G., J. Biol. 
Chem., 158, 609 (1945). 

Burk, N. F., J. Phys. Chem., 47, 104 (1943). Greenstein, J. P., J. Biol. Chem., 
130, 519 (1939). 

* Neurath, H., Cooper, G. R., and Erickson, J.O.,./. Biol. Chem., 142, 249 (1942). 
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culated from viscosities of 0 to 2 gm. per cent albumin solutions, were 4.4, 
5.2, and 11.2 for albumin in solutions with no urea, 6 mM urea and 0.02 » 
caprylate, and 6 m urea with no caprylate, respectively. The slight differ- 
ence in relative viscosities of caprylate-stabilized albumin with and with- 
out urea present may be due to either a slight denaturation of the albumin 
or to a solvation of the albumin by about 0.18 to 0.27 gm. of urea per gm. of 
protein. 

With the albumin in 2.5 m guanidine hydrochloride, the concentration 
of caprylate or of sulfate necessary for maximum effect was 0.025 and 
0.050 m respectively. Hence, caprylate was about 20 times more effective 


Effect of Sodium Caprylate and Sodium Sulfate on Viscosity of Human Serum Albumin 
in Urea and Guanidine Solutions 

The solutions contained 2.0 gm. per cent albumin, 0.01 m phosphate buffer, 0.025 

sodium chloride, and were at pH 6.9 to 7.1. The viscosities, determined with an 

Ostwald type viscometer at 30° + 0.01°, are expressed as the viscosity relative to the 

solution without albumin. The relative viscosity of 2 gm. per cent albumin in 

phosphate buffer was 1.090 


Albuminin6émurea | Albumin in 2.5 m guanidine hydrochloride 

Treatment of sample “Molarit a<e ‘ Molarity | i: ; eg j - 
an Na | Relative - < — Relative Molarity Relative 
capry late | viscosity capeylate viscosity | of NasSO, | viscosity 

| } 
in | |. aioe , |—__—_—— 
Denatured albumin 0 | 1.278 0 1.281 | O 1.281 
Stabilized = 0.025 | 1.104 0.025 1.096 0.50 1.105 
Partially regenerated 


albumin 0.025 1.131 | 0.025 1.115 0.50 1.132 


than sulfate. The effect of guanidine hydrochloride on human serum 
albumin was much greater than that of urea, and at a concentration of 6 
was not prevented by any concentration of caprylate. 

The prevention of heat or urea denaturation by small amounts of capryl- 
ate indicates that caprylate exerts its effect by combination with certain 
groups or areas on the albumin molecule, and that the same bonds are in- 
volved in the initial phases of denaturation by heat or urea. 

The work described in this paper was done under a contract, recom- 
mended by the Committee on Medical Research, between the Office of 
Scientific Research and Development and Stanford University. 


Biochemical Laboratories Pact D. Borer 
Department of Chemistry, 
Stanford University 


California 
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THE LYSINE CONTENT OF CASEIN AND ZEIN 
Sirs: 


In connection with an investigation on the metabolism of lysine,’ an 
analysis of casein by the decarboxylase method of Gale and Epps* was 
reported. The figure of 6.7 per cent found is lower than the values reported 
by Zittle and Eldred* who also used the decarboxylase technique and that 
by Dunn ef al.‘ employing a microbiological assay method. It was errone- 
ously stated in our paper that the figure was corrected for ash and volatile 
matter. The casein sample used contained 2.6 per cent ash and 7.8 per 
cent volatile matter and the corrected lysine content of casein on an asb- 
and water-free basis is therefore 7.5 per cent, a value which is in good agree- 
ment with that found by the workers mentioned above. We have now 
repeated lysine estimations with the decarboxylase method on several 
samples of casein using hydrolysis with HC] and obtained values of between 
7.5 and 7.8 per cent of lysine on a water- and ash-free basis. The value 
given by Dunn et al. is slightly higher and it may therefore be assumed 
that casein contains between 7.5 and 8 per cent of lysine. 

The amount of lysine present in zein is of special interest in connection 
with the use of this protein in dietary experiments in which the absence of 
lysine is desired. Zein was hydrolyzed with 10 n H,SO, for 18 hours and 
the hydrolysate neutralized with Ba(OH).. The BaSO, precipitate was 
repeatedly extracted with boiling water; the combined solutions were 
concentrated and used for the estimation of lysine. The amounts found 
were negligible, even after the hydrolysates has been freed of most of the 
glutamic acid and some of the more insoluble monoamino acids. This is 
in agreement with the findings of Zittle and Eldred. The minute and 
sluggish evolution of CO, found with some zein samples may be due either 
to contamination with other proteins or to the presence of hydroxylysine. 


National Institute for Medical Research A. NEUBERGER 
Hampstead 
London 
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ISOLATION OF A URINARY STEROID WITH AN OXYGEN 
ATOM AT CARBON. 11 


Sirs: 

A compound with an oxygen atom at C 11 of the steroid nucleus has been 
isolated from the urine of seven patients with disease of the adrenal cortex. 
There were three women with tumors, three female pseudohermaphrodites 
with hyperplasia, and one young boy with hyperplasia. This compound 
was obtained from the alcoholic ketonic fraction of the neutral extract of 
the acidified, boiled urine and was eluted from a chromatographic column 
of alumina with carbon tetrachloride containing 0.5 per cent by volume of 
absolute alcohol. It has the formula CiH»O; (calculated, C 74.44, H 
9.87; found, C 74.24, H 10.19), melts at 197-198°, and [a]> = +96.6° + 
2°. When it was heated at 90° for 30 minutes with acetic anhydride and 
pyridine, it formed a monoacetate, CHO, (calculated, C 72.38, H 9.26; 
found, C 72.77, H 9.17), which melted at 240-242°. The original sub- 
stance did not give a precipitate with digitonin in 90 per cent methanol. 
It formed a yellow dinitrophenylhydrazone which melted at 250-251°. 

Oxidation with chromic acid gave a product which was found to be iden- 
tical with androstane-3 ,11,17-trione (calculated for CyH2»O;, C 75.46, 
H 8.67; found, C 75.98, H 9.00). After recrystallization from dry ether 
it melted at 178-179°; [a]#8 = +151° + 3°. Androstane-3,11,17-trione 
prepared from an adrenal steroid by Mason, Hoehn, and Kendall' melted 
at 178-179°; [a]? = +152° + 2°. A mixture of androstane-3,11,17- 
trione with the oxidation product of the urinary compound also melted at 
178-179°. The oximes of the oxidation product and of androstane-3,11, 
17-trione both melted at 264-268° (corrected) with decomposition and a 
mixture of the two also melted at 264-268° (corrected). 

Spectrophotometric analysis of the colors produced by the urinary sub- 
stance and its oxidation product in the Zimmermann reaction gave curves 
with maximal absorption at 520 my, similar in other respects to the curves 
obtained with known 17-ketosteroids. The urinary compound produced 
73 per cent and the oxidation product 115 per cent as much color as dehy- 
droisoandrosterone on a molecular basis. 

These results speak for a formulation of the urinary compound as 118- 
hydroxyandrosterone (androstane-3a,118-diol-17-one). The possibility 
of a ketone group at position 11 cannot be excluded with the evidence 
available. However, the analyses favor the conclusion that there are two 
hydroxyl groups present, one of which is not readily acetylated. Von 
Euw and Reichstein* have isolated from adrenal extracts androstane- 


' Mason, H. L., Hoehn, W. M., and Kendall, E. C., J. Biol. Chem., 124, 459 (1938). 
? von Euw, J., and Reichstein, T., Helv. chim. acta, 24, 879 (1941). 
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38 ,118-diol-17-one, which melts at 236° and which forms only the 3-mono- 
acetate with acetic anhydride in pyridine. Reichstein® has also oxidized 
this substance as well as other adrenal steroids to androstane-3 ,11 ,17- 
trione. 

The urinary compound conceivably could be a metabolic product of any 
of the adrenal steroids which have an oxygen atom at C 11 but it is more 
likely the product of the metabolism of compounds which also have a 


hydroxyl group at C 17 such as 17-hydroxycorticosterone. 
Division of Biochemistry Haroitp L. Mason 
The Mayo Foundation 
Rochester, Minnesota 


Received for publication, March 26, 1945 





3 Reichstein, T., Helv. chim. acta, 19, 402 (1936). 














UNALTERED GLOBIN, AND CRYSTALLINE, SYNTHETIC 
(RECONSTITUTED) MYOGLOBIN 


Sirs: 


The degree of alteration of isolated globin may be determined by the 
spectrophotometric analysis of synthetic products formed from globin and 
protohemin. At weakly alkaline pH, with NaS.O,, the following reactions 


oceur.!* 


2 globin (unaltered, mol. wt 34,000 + 4 protohemin — 1 ferrohemoglobin 
mol. wt. = 68,000) ] 
2 globin + 16 protohemin — 1 ferrohemoglobin + 12 ferrohemin 2 
2 globan (altered globin, mol. wt. © 34,0005) + 4 protohemin — 4 reduced 
hemochromogen 3) 
2 globan + 16 protohemin — 16 reduced hemochromoger 4) 


These equations state that 1 mole of native globin (mol. wt. = 34,000) 
combines in the presence of excess hemin with only 2 hemin units (Reaction 
2), whereas altered globin (same molecular weight) may combine with as 
many as 8 units of hemin® (Reactions 3 and 4). 

Even the best reconstituted hemoglobins, obtained by Reaction 1, are 
less stable*¢ than natural hemoglobin, and differ from the latter in electro- 
phoretic mobility’ and solubility after electrodialysis. In the writer’s 
hands fresh acid globin preparations, made by the splitting of hemoglobin 
in HCl-acetone,' yield with hemin and Na,S.O, mixtures of 70 to 60 per 
cent of ferrohemoglobin and 30 to 40 per cent of reduced hemochromogen 
(a combination of Reactions 1 and 3). 

Since myoglobin is more stable to alkali than hemoglobin,® the prepara- 
tion of the globin from the muscle pigment was undertaken with the hope 
of securing a relatively stable and unaltered globin. This has been real- 
ized, and has permitted a successful synthesis of ferrimyoglobin, presum- 
ably identical with the corresponding form of the natural pigment, accord- 
ing to the reaction, 


1 globin from myoglobin (unaltered, mol. wt. = 17,000) + 1 protohemin — 1 


ferrimyoglobin 5) 


! Drabkin, D. L., Proc. Soc. Exp. Biol. and Med., 41, 225 (1939). 
? Drabkin, D. L., Federation Proc., 2, 61 (1943). 
Gralén, N., Biochem. J., 33, 1907 (1939). 
Roche, J., and Combette, R., Bull. Soc. chim. biol., 19, 627 (1937) 
Anson, M. L., and Mirsky, A. E., J. Gen. Physiol., 13, 469 (1929-30). Schenck, 
k.G., Arch. exp. Path. u. Pharmakol., 160, 160 (1930). 
® Theorell, H., Biochem. Z., 252, 1 (1932); 268, 46 (1934). 
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Steps in the preparation and synthesis follow: (a) Crystalline (ortho- 
rhombic’) ferrimyoglobin was isolated** from horse heart. (b) A salt- 
free pigment solution was secured by dialysis at 0°. (c) By means of the 
lyophile process the myoglobin was recovered in dry state, and from the 
latter a concentrated solution (~4.0 mm per liter) was obtained. (d) 
The globin was split off in chilled HCl-acetone (10 volumes of solvent, 1 
volume of pigment solution, pH 1.9), washed once with acid acetone, and 
two times with unacidified acetone. These procedures and subsequent 
synthesis were performed quantitatively, at room temperature, in centri- 
fuge tubes. (c) The acid globin was dissolved in water, and to this solu- 
tion was added in 0.03 m NaOH an equimolecular quantity of crystalline 
a-chlorohemin, prepared from dog hemoglobin.’ The still acid mixture 
was brought to pH 7.2, sufficient alkali being used to dissolve the isoelec- 
tric precipitate, at pH 6 to 7, of synthetic ferrimyoglobin. 

Spectrophotometry upon aliquots of the stable, neutralized solution 
(concentration of pigment = 1 mm per liter) revealed complete recovery of 
the protein as ferrimyoglobin, identical with the natural substance in 
respect to absorption constants and characteristic wave-length locations 
of maxima, in the presence of CN~, Na2S.0,, NaeS.0, + CO, and NaS8.Q, 
+ O>. 

The synthetic ferrimyoglobin has been successfully crystallized in the 
habit of sheaves of capillary prisms (needles), identical with the charac- 
teristic crystal habit of the natural pigment. 


Department of Physiological Chemistry Davip L. DRABKIN 


School of Medicine 
University of Pennsylvania 
Philadelphia 
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’ Drabkin, D. L., Am. J. Med. Sc., 209, 268 (1945). 
* Morgan, V. E., J. Biol. Chem., 112, 557 (1935-36). 
* Drabkin, D. L., and Austin, J. H., J. Biol. Chem., 112, 89 (1935-36). 











ENZYMATIC SYNTHESIS OF A NUCLEOSIDE 


Sirs: 

The purine nucleosidases have been thought to split nucleosides into 
purines and free ribose (or desoxyribose). Evidence is herein presented 
that 1-phosphoribose rather than free ribose is liberated. 

It has been reported that nucleosidases are activated by phosphate and 
arsenate.! We have studied the action of a specific inosine nucleosidase 
prepared from rat liver and have found that the enzyme is a phosphorylase 
which catalyzes the reversible reaction, inosine (hypoxanthine riboside) 
+ phosphate = hypoxanthine + ribose-l-phosphate. The equilibrium 
greatly favors synthesis of the nucleoside. 

The liberation of hypoxanthine from inosine in the presence of nucleo- 
sidase requires phosphate. 1 mole of phosphate is taken up for each mole 
of hypoxanthine liberated. The reaction does not proceed very far, how- 
ever, except in the presence of large amounts of phosphate, or unless the 
hypoxanthine formed is oxidized to uric acid by addition of xanthine oxi- 
dase. In the latter case the reaction goes to completion and 1 mole of uric 
acid is formed for each mole of P which disappears. Incubation of hypo- 
xanthine plus ribose with xanthine oxidase and nucleosidase does not cause 
a change in the inorganic phosphate. 

It has been possible to isolate as a barium salt a new phosphoric ester 
which is formed by the action of the nucleosidase on inosine. The ester is 
extraordinarily labile to strong acids. Incubation for 1 minute at 30° in 
0.3 n HCl is sufficient to hydrolyze 50 per cent of it, and after 15 minutes 
incubation in acid, the ester is completely hydrolyzed. The ester contains 
approximately equimolar amounts of pentose and of labile phosphate 
(0.9 micromole of pentose per micromole of labile P). No free aldose groups 
are present. However, after hydrolysis approximately one aldose group 
is found per mole of labile P (0.9 micromole of aldopentose for 1 micromole 
of labile P). The ester must, therefore, be characterized as a pentose-1- 
phosphate, and since it is formed from a ribose nucleoside it seems justified 
to assume that the ester is ribose-1-phosphate. 

If ribose-1-phosphate is incubated with hypoxanthine and nucleosidase, 
inosine is synthesized and an equimolar amount of inorganic phosphate is 
formed. Thus, 0.58 micromole of hypoxanthine plus 0.58 micromole of 
ribose-1-phosphate incubated for 20 minutes with 150 y of nucleosidase gave 
the following result: inorganic P liberation 0.36 micromole; hypoxanthine 
disappearance, 0.39 micromole; inosine synthesis, 0.39 micromole. The 
controls in which one of the components was added after denaturation of the 


‘ Klein, W., Z. physiol. Chem., 231, 125 (1935). 
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enzyme contained the amounts of hypoxanthine and ribose-1-phosphate 
originally added. 

The equilibrium (reached within 20 minutes) favors the formation of 
inosine; at least 70 per cent of the free purine and ribose-1-phosphate is 
converted to inosine and inorganic phosphate at pH 6.5. The synthesis 
of inosine would probably proceed farther if all traces of inorganic phosphate 
were removed, since with equimolar amounts of inosine and phosphate as 
starting material it was found that only 10 per cent of the riboside undergoes 
phosphorolysis at pH 6.5. 

The technique involved in these experiments was as follows: Inosine and 
hypoxanthine were determined optically at 290 my as described in a previ- 
ous paper.? Phosphate was determined by a micromethod devised by 
Dr. O. H. Lowry’ in which it is possible to determine inorganic phos- 
phate in the presence of a highly acid labile phosphate ester. Pentose 
was determined colorimetrically* and aldose titrimetrically.5 

We are suggesting that the enzyme catalyzing the equilibrium reaction 
be called nucleoside phosphorylase, in enalogy with Cori’s polysaccharide 
phosphorylase and Doudoroff’s disaccharide phosphorylase. 


Division of Nutrition and Physiology HeRMAN MM. KALCKAR 


The Public Health Research Institut: 
of the City of New York, Inc 


Vew York 
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THE ISOLATION OF a-ESTRADIOL FROM THE URINE OF 
STALLIONS* 


S2 rs 


Since the discovery’ that the urine of stallions contains large quantities 
of estrogenic material, a number of reports of the isolation of estrone from 
this souree have appeared. A search of the literature does not, however, 
reveal any attempt to investigate the non-ketonic estrogenic fraction of 
such urine, although Beall? isolated a-estradiol from stallion testes in a 
yield of 0.21 mg. per kilo of fresh tissue. 

The present writer has investigated four specimens of stallion urine 
and has found that a major proportion of the estrogenic activity appears 
in the weakly phenolic, non-ketonic fraction of the urine extract and is 
apparently due to estradiol. In one fresh sample of pooled urine from 
several stallions, assaying about 150,000 rat units of estrogenic activity 
per liter, the weakly phenolic, non-ketonic fraction accounted for more 
than 90 per cent of the activity. A similar figure was obtained from the 
concentrate of another pooled sample of stallion urine. The estradiol 
content of two urine specimens, collected several months apart from a single 
stallion, accounted for 42 and 44 per cent, respectively, of the total activity. 
One of these specimens assayed 57,000 rat units per liter; the other assayed 
only 4400 rat units per liter. 

Estradiol was isolated as the di-a-naphthoate in good yield from the 
two more active preparations. The fresh, pooled urine specimen yielded 
chemically pure, crystalline estradiol-di-a-naphthoate in an amount equiva- 
lent to 5 mg. of free estradiol per liter of urine. The crystalline products 
were proved to be estradiol-di-a-naphthoate by melting point, by melting 
point when mixed with authentic a-estradiol-di-a-naphthoate, by elemen- 
tary analysis, and by comparison of the weight of the rat unit to that of the 
mouse unit of the free estradiol. 

To the extent of the writer’s knowledge, these findings show certain 


*Aided by a grant, administered by Dr. P. E. Smith, from the Rockefeller 
Foundation 

' Zondek, B., Nature, 133, 209 (1934). Haussler, E. P., Helv. chim. acta, 17, 531 
1934). 

2 Beall, D., Biochem. J., 34, 1293 (1940). 
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specimens of stallion urine to be the richest source of estradiol discovered 


to date. 


Department of Anatomy 
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New York 
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ELECTROPHORETIC ANALYSIS OF MIXTURES OF PROTEIN* 
Sirs: 


Svensson has presented! a mathematical theory for boundary anomalies 
in electrophoretic patterns. From the theory and from experiments with 
swine serum in phosphate buffer of pH 7.7, it was concluded that the fastest 
moving component appears too large in solutions of about 0.1 ionic strength 
(x). This anomalous effect was depressed by addition of 0.3 m NaCl, 
which changed the apparent albumin content, on the ascending side, from 
about 59 per cent at 0.1 4 to about 43 per cent at 0.4 u. The interpretation 
of these findings is necessarily that the concentration of constituents in a 
mixture of proteins cannot be quantitatively evaluated by simple integra- 
tion of the electrophoretic pattern. 

An attempt has been made in this laboratory to test the accuracy and 
reproducibility attainable in the measurement, with a Svensson-Philpot 


TasB_e I 
Synthetic Protein Mixtures* 


Observed albumin concentration 








Known albumin Total protei acs 
ceneunteatin conasatnation Jonic strength | ore 
Ascending side Descending side 
per ceni | per cent m per cent per cent 
60 1.49 0.1 59.2 60.5 
40 1.63 0.1 40.7 39.7 
40 1.50 0.25 40.3 39.7 
40 | 1.84 0.40 39.4 39.7 
40 1.52 0.02 40.6 


(No ¢ separation 





* The refractive index increments of bovine serum albumin and of horse serum 
globulin in barbital buffer of pH 8.6 at 25° were essentially identical; namely, 1.8 X 
10-4 


modification of the Tiselius electrophoresis apparatus,’ of the electrophor- 
etic composition of mixtures of proteins in barbital buffer® containing 
various amounts of sodium chloride. Solutions containing various per- 
centages of electrophoretically homogeneous bovine serum albumin and 
horse serum globulin were studied. Percentage composition was calcu- 
lated from the area outlined by drawing a line following the middle of the 
Philpot-Svensson’ pattern curve and the middle of the base-line. The 


* The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and Duke University. 

1 Svensson, H., Ark. Kemi, Mineral. o. Geol., 17 A, 1 (1943). 

? Svensson, H., Kolloid-Z., 87, 181 (1939). 

* Longsworth, L. G., Chem. Rev., 30, 323 (1942). 
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values determined experimentally by direct integration of the patterns 
agreed well with the known composition of the mixture, as can be seen 
from results given in Table I, and indicate that correct analyses in buffers 
of low ionic strength can be made by simple integration of the diagrams. 

The study was extended to analyses of swine serum. In barbital buffer 
of pH 8.6 and 7.8, insignificant variations in percentage composition were 


observed with change in ionic strength, as shown in Tabl 


TABLE I] 


Swine Serum* 


Albumin concentration 


~—. pH Ionic strength 
Ascending side Descending side 
per cent M per cent per cent 
3.91 7.8 0.1] 38.7 39.8 
2.58 8.6 0.1 36.4 36.7 
3.89 8.6 0.25 37.3 36.9 
3.19 8.6 0.40 35.5 35.8 


* All of these analyses were made on the same pool of swine sera 


The results of these experiments show that, with the electrolytes here 
employed, estimation of the percentage component composition of an 
artificial mixture of proteins can be made with high accuracy by means of 
electrophoretic analysis. In the experiments with swine serum there was 
little evidence of dependence of percentage composition on ionic strength 
within the limits investigated. From these results it seems clear that 
Svensson’s conclusions in these respects are not wholly applicable to the 
general problem of electrophoretic analysis. 
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Duke University School of Medicine 
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Catalase: Accelerator, Kreke, Bartlett, 
and Smalt, 469 
Chick: Anemia, organic factors, relation, 


microorganisms, Snell, 


Scott, Norris, Heuser, and Bruce, 
291 
Nutrition, vitamins Big and By, 


Briggs, Luckey, Eivehjem, and Hart, 


303 
| Chloride(s): Tendons, Eichelberger and 
| Brown, 283 
Choline: Acetylase, Nachmansohn and 
John, 157 


—, dialyzed, amino acids and a-keto 
acid effect, Nachmansohn and John, 

157 

Blood plasma phospholipids, turnover, 
effect, Friedlander, Chaikoff, and 
Entenman, 231 
Tissue choline, ingestion effect, Luecke 
and Pearson, 561 

| Urine choline, ingestion effect, Luecke 


and Pearson, 561 
Cholinesterase: Nerve, specificity, 
Nachmansohn and Rothenberg, 653 


| 
| Chorion: Gonadotropin, denaturation by 
urea, temperature coefficient, Bis- 
choff, 29 
| Cinchona: Alkaloids, 


Brodie and Udenfriend, 


determination, 
705 
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Cocarboxylase: Spleen extracts, carp, 
effect, Beloff and Stern, 19 
Collagen: Eichel- 
berger and Brown, 283 
Copper proteinate: 

acid effect, Quigley and Muraschi, 
463 | 

Creatinine: Determination, colorimetric, 

Jaffe reaction, Bonsnes and Taussky, 

581 

polysaccharide 


Nitrogen, tendons, 


Formation, amino 


Crown-gall: Bacteria, 


production, Hodgson, Riker, and 
Peterson, 89 
Cystine: Methionine determination, | 

effect, White and Koch, 535 

Utilization, Albanese, 101 

Cytochrome: Oxidase, eye lens, activity, 

Herrmann and Moses, 47 

D 


Deuterium oxide: Determination, Hill- 
Baldes apparatus, Lifson, Lorber, and 


Hill, 219 
Diet: Bone carbonate, relation, Sobel, 
Rockenmacher, and Kramer, 475 
Guinea pig, essential factor, van Wag- 
tendonk and Lamfrom, 421 

E 
Enzyme: Nucleoside synthesis, Kalc- 
kar, 723 
Phorphorylase a conversion to phos- 
phorylase b, Cori and Cori, 321 
Proteolysis rate, determination, 
micro-photometric, Zamecnik, 
Lavin, and Bergmann, 537 
Purine compounds, determination, mi- 
cro-, Kalckar, 313 


Thymus nucleohistone degradation, 
Cohen, 255 

See also Acetylase, Anhydrase, Car- 
boxylase, Catalase, Cholinesterase, 
Cocarboxylase, Oxidase, Papain, 

Peptidase, Phosphorylase 
Esterase: Cholin-. See Cholinesterase 
Estradiol: a-; urine, isolation, Levin, 


720 


Estrone: Determination, Veitch and 
Milone, 61 
Eye: Glutathione, Herrmann and Moses, 


33 


Eye—conlinued: 
Lens, cytochrome oxidase activity, 
Herrmann and Moses. 47 


F 


Fat(s): Body, determination, body spe- 
cific gravity use, Rathbun and Pace, 


667 
—, water and nitrogen relation, Pace 
and Rathbun, 685 


Tendons, Eichelberger and Brown, 283 

Fatty acid(s): Metabolism, Weinhouse, 

Medes, and Floyd, 411 
Fish: See also Carp, Salmon 


Florisil: Riboflavin adsorption, Rubin 
and De Ritter, 639 
Folic acid: Nicotinic acid-low rations, 
effect, Arehl and Elvehjem, 173 
Formaldehyde: Biological mixtures, de- 
termination, MacFadyen, 107 


Formate: Acetyl phosphate condensation 
with, bacterial extracts, Lipmann 


and Tuttle, 505 

G 
Globin: Myo-, synthetic, crystalline, 
Drabkin, 721 
Unaltered, Drabkin, 721 


Globulin: Blood serum, determination, 
methanol precipitation method, Pil- 
lemer and Hutchinson, 299 

Glucuronic acid: Pivalic acid metabo- 

conjugation, Dziewiatkowski 


ded 
4d 


lism, 
and Lewis, 
Trimethylacetic and butylacetic acid, 


tertiary, metabolism, conjugation, 
Dziewiatkowski and Lewis, 77 
Glutamine: Blood plasma, Hamilion, 
397 

Carboxyl nitrogen, blood plasma and 
tissue, determination, gasometric, 
Hamilton, 75 
Tissues, Hamilton, 397 
Glutathione: Eye, Herrmann and Moses, 
33 


Glycerol: Fermentation mechanism, bi- 
sulfite and carboxylase relation, Wal- 
lerstein and Stern, 1 

Glycocyamine: Determination, micro-, 
chromatographic, Sims, 239 
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Gonadotropin: Chorionic, denaturation | 


by urea, temperature coefficient, 
Bischoff, 29 
Gramicidin: Hydrolysis, acid, Christen- 
sen and Hegsted, 593 
Growth: Body composition, relation, 
Mitchell, Hamilton, Steggerda, and 
Bean, 625 
Pantothenic acid analogues, effect, | 
Snell and Shive, 551 


Pantotheny! alcohol and related com- 
pounds, effect, Snell and Shive, 551 
Guanidine: Blood serum albumin dena- 
turation, sodium caprylate effect, 
Boyer, 715 
Guinea pig: Diet essential, van Wagten- 
donk and Lamfrom, 


H 


421 | 


Heart: Muscle, tyramine effect, in vitro, | 


Bernheim and Bernheim, 425 
Hematopoiesis: Salmon, xanthopterin 
effect, Norris and Simmons, 449 


Hill-Baldes : Apparatus, deuterium oxide 


determination, Lifson, Lorber, and | 


Hill, 219 


, Steady state time, osmotic activity | 
determination by, Lifson and Lorber, | 


209 
Histone: Nucleo-. See Nucleohistone 
Hormone(s): Sex. See Sex, hormones 
Hypoglycemia: Alloxan effeet, Banerjee, 


547 
I 


Ion(s): Exchange, resin, glycocyamine 
and arginine determination, micro-, 


chromatographic, Sims, 239 
Iron: Milk, determination, Ruegamer, 
Michaud, and Elvehjem, 573 


K 


Keto acid(s): a-, choline acetylase, 
dialyzed, effect, Nachmansohn and 
John, 157 


Kidney: Acetic acid, carboxyl-labeled, | 


Medes, and 
411 


reactions, Weinhouse, 


Floyd, 


INDEX 


L 


Lactobacillus casei: Thymine effect, 
Krueger and Peterson, 145 
Vitamin B, effect, Krueger and Peter- 
son, 145 
Lens: Eye, cytochrome oxidase activity, 
Herrmann and Moses, 47 
Light: Vitamin A determination, Carr- 
Price reagent, effect, Caldwell and 
Parrish, 181 

Lipid(s): Phospho-. See Phospholipid 
Liver: Acetic acid, carboxyl-labeled, re- 
Medes, and 
411 


in 


actions, Weinhouse, 
Floyd, 
Phenolic compounds, metabolism 


vitro, scurvy, Darby, DeMeio, Bern- 


heim, and Bernheim, 67 
Lymph: Peptidase, burns, Zamecnik, 
Stephenson, and Cope, 135 
Lysine: Casein, Neuberger, 717 
Zein, Neuberger, 713 
M 

Marine organism(s): Trimethylamine 
oxide, Norris and Benoit, 433 
Methionine: Determination, cystine 
effect, White and Koch, 535 


Methylnicotinamide: N'-, urine, deter- 
mination, chemical, Hochberg, Mel- 
nick, and Oser, 265 

Microorganism(s): Vitamin B, replace- 


ment, d(—)-alanine and casein 
factor, Snell, 497 
Milk: Iron, determination, Ruegamer, 
Michaud, and Elvehjem, 573 


Muscle: Phosphorus, acid-soluble, dis- 
tribution, antistiffness factor defi- 
ciency, effect, van Wagtendonk and 
Lamfrom, 421 

Phosphorylase a, stimulation and re- 
covery, effect, Cori, 333 
See also Heart 

Myoglobin: Synthetic, crystalline, Drab- 
kin, 721 

N 

Nerve: Cholinesterase specificity, Nach- 
mansohn and Rothenberg, 653 

Nicotinamide: N'-Methyl-, urine, deter- 


mination, chemical, Hochberg, 
Velnick, and Oser, 265 
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Nicotinic acid: -Low rations, folic acid 


effect, Krehl and Elvehjem, 173 
Nitrite(s): Blood composition, effect, 
Marshall and Marshall, 187 


Nitrogen: Body, body fat, relation, Pace 
and Rathbun, 685 


Carboxyl], glutamine, blood plasma and | 


tissue, determination, gasometric, 
Hamilton, 375 
Collagen, tendons, Eichelberger and | 
Brown, 283 | 
Intramolecular shift, Shemin and Rit- 
tenberg, 71 
Total, tendons, Jichelberger and 
Brown, 283 
Nucleohistone: Thymus, degradation, 
enzymatic, Cohen, 255 
Nucleoside(s): Synthesis, enzymatic, 
Kalckar, 723 


Nutrition: Chick, vitamins Bp and By, | 


Briggs, Luckey, Elvehjem, and Hart, 
303 


O 


Organic compound(s) : Basic, determina- 
tion, Brodie and Udenfriend, 705 


Organic factor(s): Anemia, chick, rela- | 
and 


tion, Scott, Norris, Heuser, 


Bruce, 291 | 


Ornithine: Proline, conversion mecha- 


nism in vivo, Shemin and Rittenberg, | 


71 
Osmotic activity: Determination, Hill- 
Baldes apparatus, Lifson and Lorber, 


209 

Oxidase: Cytochrome, eye lens, activity, 
Herrmann and Moses, 47 

P 

Pantothenic acid: Analogues, growth, 
effect, Snell and Shive, 551 
Pantothenyl alcohol: Growth effect, 
Snell and Shive, 551 


-Related compounds, growth effect, 


| Pseudopyridoxine: 


Snell and Shwe, 551 | 
Papain: Blood serum albumin, digestion | 


by, Rice, Ballou, Boyer, Luck, and 
Lum, 609 
Peptidase: Blood serum, burns, Zamec- 
nik, Stephenson, and Cope, 135 
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Peptidase—continued: 
Lymph, burns, Zamecnik, Stephenson, 
and Cope, 135 
Perspiration: Pyridoxine, pseudopyri- 
doxine, and 4-pyridoxic acid excre- 
tion, Johnson, Hamilton, and 
Mitchell, 619 
Phenolic compound(s): Metabolism, 
liver, in vitro, scurvy, Darby, De- 
Meio, Bernheim, and Bernheim, 67 
Phospholipid(s): Blood plasma, turn- 
over, choline effect, Friedlander, 
Chatkoff, and Entenman, 231 
Phosphorus: Acid-soluble, muscle, dis- 
tribution, antistiffness factor defi- 
ciency, effect, van Wagtendonk and 
Lamfrom, 421 
Phosphorylase(s): a and b, diffusion 
constant and electrophoretic mobil- 
ity, Green, 315 
—, conversion to phosphorylase 6b, 
enzymatic, Cori and Cori, 321 
—, muscle, stimulation and recovery, 
effect, Cori, 333 
b, activity and crystallization, Cori and 


Cori, 341 
Pivalic acid: Metabolism, glucuronic acid 
conjugation, Dziewiatkowski and 
Lewis, 77 
Polysaccharide (s): Crown-gall bacteria, 
production, Hodgson, Riker, and 
Peterson, 89 
Prolan: Inactivation, reversible, Bis- 
choff, 577 


Proline: Ornithine conversion mecha- 
nism in vivo, Shemin and Rittenberg, 


71 
Protein(s): Mixtures, electrophoresis, 
Cooper, 727 


Proteolysis: Enzyme, rate, determina- 
tion, microphotometric, Zamecnik, 
Lavin, and Bergmann, 537 

Sweat, excretion, 
Johnson, Hamilton, and Mitchell, 

619 
Urine, excretion, Johnson, Hamilton, 
and Mitchell, 619 

Purine compound(s): Determination, 
micro-, enzymatic, Kalckar, 313 

Pyridoxal: Stability, Cunningham and 
Snell, 491 








740 INDEX 
3 ; : , 
Pyridoxamine: Stability, Cunningham T 

and Snell, 491 Tend ‘hlori Bichell 
Pyridoxic acid: 4-, urine and sweat, = - s): Chlorides, Eichelberger -~ 
excretion, Johnson, Hamilton, and : tna — 288 
Mitchell 619 Collagen nitrogen, Fichelberger and 
' : 28% 
Pyridoxine: Determination, p-aminoace- b Brow ” » - . 
toy ne, diazotized, use, Brown, be Eichelberger and Brou n, 253 
Ri nd Thomas. 455 Nitrogen, total, Jichelberger and 
> IQ9 
Pseuck urine and sweat, excretion, Brow _ — 
Water, Eichelberger and Brown, 283 


Hamilton, and Mitchell, 
619 
Stability, Cunningham and Snell, 491 
Sweat, excretion, Johnson, Hamilton, 
and Mitchell, 619 


Johnaon 


Urine, excretion, Johnson, Hamilton, | 


and Mitchell, 619 
Pyruvate: Phosphoroclastic split, rever- 
sibility, Utter, Lipmann, and Werk- 
man, 521 


R 


Resin: Ion exchange, glycocyamine and 
arginine determination, micro-, chro- 


matographic, Sims, 239 
Riboflavin: Florisil adsorption, Rubin 
and De Ritter, 639 


S 


Salmon: Hematopoiesis, xanthopterin 
effect, Norris and Simmons, 449 
Trimethylamine oxide, origin, Benoit 
and Norris, 439 
Scurvy: Liver, phenolic compounds, 
metabolism in vitro, Darby, DeMeio, 
Bernheim, and Bernheim, 67 
Sex: Hormones, Vetich and Milone, 61 
Spleen: Extracts, carp, carboxylase and 


cocarboxylase, effect, Beloff and 
Stern, 19 | 
Steroid (s): Urine, isolation, Mason, 719 


Streptococcus faecalis: Thymine effect, 
Krueger and Peterson, 145 
Vitamin B. effect, Krueger and Peter- 


son, 145 
Sulfanilamide: Carbonic anhydrase, 
effect, Davenport, 567 


Sulfonamide : Thiophene-2-, carbonic an- | 


hydrase, effect, Davenport, 567 


Sweat: See Perspiration 


Tyrocidine: Amino acids, Christensen, 


Thiamine: Blood, Pence, Miller, Dutcher, 
and Thorp, 647 
Thiophene-2-sulfonamide: Carbonic an- 


hydrase, effect, Davenport, 567 
Thymine: Lactobacillus casei, effect, 
Krueger and Peterson, 145 


Streptococcus faecalis, effect, Krueger 


and Peterson, 145 
Thymus: Nucleohistone, degradation, 
enzymatic, Cohen, 255 


Tissue(s): Components, Morales, Rath- 
bun, Smith, and Pace, 677 
Trimethylacetic acid: Metabolism, glu- 
curonic acid conjugation, Dziewiat- 
kowski and Lewis, 77 
Trimethylamine oxide: Norris and Be- 


nort, 433 
Benoit and Norris, 439 
Norris and Benoit, 443 
Excretion, rat, Norris and Benoit, 443 


Norris and Benoit, 
433 
Norris, 
439 
Tyramine: Heart muscle, in vitro, effect, 
Bernheim and Bernheim, 425 


Marine organisms, 


Salmon, origin, Benoit and 


279 


Uzman, and Hegsted, 


U 


Urea: Blood serum albumin denaturation, 
sodium caprylate effect, Boyer, 715 
Chorionic gonadotropin denaturation, 
temperature coefficient, Bischoff, 29 


Uric acid: Blood, determination, Brown, 


601 

Urine: Choline, choline ingestion effect, 
Luecke and Pearson, 561 
a-Estradiol, isolation, Levin, 725 























SUBJECTS 


rine—continued: 

N!-Methylnicotinamide, determina- 
tion, chemical, Hochberg, Melnick, 
and Oser, 265 

Pyridoxine, pseudopyridoxine, and 4- 
pyridoxie acid excretion, Johnson, 


Hamilton, and Mitchell, 619 

Steroid, isolation, Mason, 719 
V 

Vitamin(s): A, determination, Carr- 


Price reagent, light effect, Caldwell 
and Parrish, 181 
B., Lactobacillus casei, effect, Krueger 
and Peterson, 145 
—, Streptococcus faecalis, effect, Krue- 


ger and Peterson, 145 
B,. See also Thiamine 
B;. See also Riboflavin 
B,, Cunningham and Snell, 491 
Snell, 497 


—, determination, p-aminoacetophe- 


none, diazotized, use, Brown, Bina, | 


and Thomas, 455 
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Vitamin (s)—continued: 

Bs, replacement, d(—)-alanine and 
casein factor, microorganisms, Snell, 
497 
See also Pyridoxal, Pyridoxamine, 

Pyridoxine 
Bio, chick nutrition, Briggs, Luckey, 
Elvehjem, and Hart, 303 
By, chick nutrition, Briggs, Luckey, 
Elvehjem, and Hart, 303 


WwW 


Water: Body, body fat, relation, Pace and 


Rathbun, 685 
Tendons, Fichelberger and Brown, 283 
xX 
Xanthopterin: Hematopoiesis, salmon, 
effect, Norris and Simmons, 449 
Z 
Zein: Lysine, Neuberger, 717 
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n-Amy] or higher n-alkyi maleate 

n-Amylor higher n-alkyl fumarate 

p-Aminobenzoyl-p-amino benzoic 
acid 

68-Aceto pyridine 

Cytochrome C 

2 ,3-Diamino terephthalaldehyde 

Estragole 

5-Methyl, ethyl or propyl-2-thio- 
biuret 

5-Methyl, ethyl or propyl-2,4- 
dithiobiuret 

4-Fluoro coumarin 

8,y-Dimethylallyl alcohol or any 
of its halides 

Ginnol 


Glutaconic acid 

Glycidol 

Hydraerylic acid and its esters 

a-Hydroxy isobutyric acid 

Hydroxy glutamic acid 

Pure ipecacuanha alkaloids ex- 
cept emetine 
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B-(4-Imidazole) acrylic acid 

4-Imidazole pyruvie acid 

Irone 

Piperine 

p-Ureido benzene sulfonamide 

p-Ureido benzene sulfonyl mor- 
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